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U.S.  Fish  and  Wildlife  Service  (USFWS)  Fish  Passage  Workshop 
(Workshop)  held  in  Hadley, Massachusetts  on  August  5  and  6, 
2014.    The Workshop,  a  two‐day  training  course  for  engineers, 
biologists,  hydrologists,  environmental  scientists,  and 
practitioners  involved  in  the  design,  operation  and  oversight  of 
fish passage projects, was developed  in partnership with the U.S. 
Geological Survey’s (USGS) S.O. Conte Anadromous Fish Research 
Center  (Conte)  and  the  University  of  Massachusetts  Amherst’s 
Department of Civil and Environmental Engineering  (CEE).       The 
agreement  supporting  the  development  of  the  Workshop  and 
subsequent compilation of materials in to this Technical Report is 
described  in  a  May  2013  Memorandum  of  Understanding 
between USFWS Northeast Region Fisheries program, Conte and 
CEE. 
These  presentations  represent  the  authors’  understanding  of  current  practices  and  their  best 
professional  judgment.   Every  stream barrier presents unique  challenges  to migrating  fish;  therefore, 
this  Technical  Report  should  not  substitute  sound  engineering  judgment  based  on  site‐specific 







                Brett Towler, Ph.D., P.E. 
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 Further awareness that: 
 interest in fish passage is not new
 fish passage has been an important public purpose for 
centuries
 the responsibility to ensure that fish passage is provided 
has long been entrusted with the sovereign
 Foster understanding of: 
 the history of fish passage that has influenced public policy 
and modern statutes
 the purposes for providing fish passage
What will be covered…
 Brief historical perspective
 Purposes of a fishway




 The history of fishways is rooted in the common law 
of ancient times.
 English common law: the right of fishery – held in the 
public trust.
 The fishery (industry of catching fish) provided a 
critical food source and an important source for 
commerce.
Looking Back








“right of fishery.”  
1620- 1776 -
Colonial period -
Dam owners in the 
New World 








sovereign to the 
States.
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Early Court Decisions & Law
1700s, City 
of Falmouth 




































History of Federal Law 
 Federal laws enacted in the early 1900s -
1906 Dam Act  
1920 Federal Power Act
 1992 – Congress identified a fishway in the 
National Energy Policy Act, Section 1701(b):
“ ... the items which may constitute a "fishway" under section 18 for the safe and 
timely upstream and downstream passage of fish shall be limited to physical 
structures, facilities, and devices necessary to maintain all life stages of such fish, 
and project operations and measures related to such structures, facilities, or 
devices which are necessary to ensure the effectiveness of such structures, 
facilities, or devices for such fish.”
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Effect of Federal Legislation 
 State fishway laws are pre-empted by the 
Federal Power Act at FERC-regulated hydro 
projects.
 States are dependent on FWS and NMFS to 
require fishways, at FERC-regulated hydro 
projects, except as the states may prescribe 
under section 401 of the Clean Water Act.  
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Fundamental purpose of a fishway
 …is to provide access for fish to and from the 
habitats upon which they depend.
 …is to provide for the safe, timely and effective 
movement of fish past a project-related barrier or 
impediment (e.g., dam; dewatered ledge, gravel 
bar, bypass channel; turbines, impoundment, 
thermal cline; road crossing, etc.) for life history 
purposes or to help achieve resource goals and 
objectives. 
 …is not to protect or improve fish habitat!
Life History Purposes
 The life history purposes for fish movement 




 growth to maturity
 dispersion
 migration
 seasonal use of habitat
 providing host services; e.g., for mussels.
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The Service’s definition includes 
the following key points:
1. Fishways provide passage both upstream and 
downstream;
2. Passage must be safe, timely, and effective;
3. Passage applies to all life stages of fish;
4. Fishways include physical structures, facilities, or 
devices; and,
5. Fishways include project operations and measures 
(related to those structures, facilities, or devices) 
that are necessary to ensure fishway
effectiveness.  
Questions
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Fish Migration: 
Upstream & Downstream
Fish Passage Workshop 
August 5-6, 2014
Melissa Grader, Fish & Wildlife Biologist 
U.S. Fish and Wildlife Service
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Migration
Generally accepted features (Bronmark et al., 2014):
• Individual or populations move between two 
defined habitats




Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Why Migrate ?
• Confers benefit/advantage (i.e., increased 
growth, improved survival) over maintaining 
exclusive residency in either one habitat or the 
other
Goal is to max. lifetime reproductive effort
Evolutionary strategy to maximize individual fitness 
via increasing growth, survival or reproductive 
success, expected when 
B(h1     h2)- Cm > Br - Cr
3
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Migration Categories (Bronmark et al., 2014)
1. Function
A. Spawn
B. Seasonal refuge from predators

















•migrate & live in sea
•migrate for spawning
•between SW and FW
•FW migration only
• Includes fluvial/adfluvial,   
lacustrine/adfluvial, and allucustrine
• live in SW most of life
• migrate to FW to breed
• live in FW most of life
• migrate to SW to breed
•moves FW/SW for reasons 
other than breeding
5
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Migration Categories (Bronmark et al., 2014)
3. Temporal
A. Seasonal
B. Diel (vertical or horizontal)
4. Differential migration – Individ. Variability in:
A. Destination
B. Direction
C. Timing, or 
D. Propensity
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o Efficiency (using currents, tidal cycles)
o Semelparous vs. Iteroparous
• Morphological
o Streamlined (e.g., smolts: increase in body length, 
decrease in pectoral fin size)
• Physiological
o Osmoregulation
Smoltification (increase in euryhalinity)
7
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Genetics of Migration (Bronmark et al., 2014)
Recent research has IDed:
1. Genes with different expression patterns between 
resident and migratory individuals pre-migration (Giger
et al. 2008)
2. Differences in gene expression between ATS males 
adopting different life history strategies and between 
early and late migrating males (Aubin-Horth et al. 2009) 
3. Pulido (2011) hypothesizes that migration has 
genetic basis but whether that genetic variation is 
expressed or not, and if so, how strongly, is 











Dorosoma cepedianum gizzard shad anadromous
Osmerus mordax rainbow smelt anadromous
Morone saxatilis striped bass anadromous
Petromyzon marinus sea lamprey anadromous (adfluvial)
Salmo salar Atlantic salmon anadromous (adfluvial)
9
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American shad Life Cycle
• Life cycle dependent on latitude
• Southern rivers
• Spawn at 3-4 years old
• Female fecundity 300,000 to 400,000 eggs
• Repeat spawners rare
• Northern rivers
• Spawn at 4-5 years old
• Female fecundity 125,000 to 250,000 eggs
• Repeat spawners more common
13
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Distributed from Florida to Canada
Adults spend weeks in river, 
juveniles spend months
Pelagic planktivores
11-12 inches long; 0.6 lbs
Mature in 3-5 yrs.
Iteroparous throughout range
Some spatial partitioning where co-occur
8/8/2014
M. Grader, Fish Migration 8
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Distributed from Florida to Canada, from 
estuaries up to headwaters
Juveniles spend 8-30 yrs. in river
Benthic; eat fish, inverts
May grow to 4 feet long 
Habitat generalist
Semelparous 
Latitudinal & elevational shifts in sex ratio
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Eastern Brook trout
• Member of char family
• Range is eastern U.S.
• Most are FW fish (i.e. riverine)
• Minority are Sea-run 
• Spend 3-4 months feeding at sea
• Return to headwaters to spawn
• Fish passage challenge?




Fish Passage Workshop, August 5-6, 2014, Hadley, MA
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Common Name Migr. Distance Citation
white sucker
Up to 6.4 km Raney & Webster, 
1942
Ave. 9.2 rkm, max 
of 40 rkm Doherty et al., 2010
brook trout
Ave. of 10.5 km in 
fall and 18.8 km in 
spring
Boucher, 2008
60-100 km from 
April to July; <10 
km in fall
Curry et al., 2002
Adfluvial Species 
Movement/Migration Distance
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Impacts of Barriers to Migratory Fish
Restricted access results in:
• reduction in availability of suitable habitat 
• increased competition in available habitat
• increased predation pressure
lowers overall productivity of watershed
Which in turn impacts:
• commercial fishing
• recreational fishing
• ecosystem functions & values
o food web interactions
o nutrient transport















oUpstream (year-round or seasonally)
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Migration Challenges at Barriers
• Upstream  Adult anadromous, juv. catadromous
ovelocity barriers
oheight barriers
oenergetic costs (anadromous migrants rarely eat)
oattraction








Fish Passage Workshop, August 5-6, 2014, Hadley, MA
• Physiology 
• changes between environments
• iteroparous vs. semelparous
• Habitat Preference
• Duration in habitat
• Degree of homing
• Timing 
• Behavior













































































































Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Integrating Fish Biology 
into Fishway Design
Goal: Provide for the safe, timely and effective 
passage of fish
Consider following factors for upstream passage:
• Target species (or suite of species)
o swimming ability
informs TYPE OF FISHWAY
o Temp. preferences, migration behavior
informs O&M OF FISHWAY• Production estimates
informs SIZE/NUMBER OF FISHWAYS
!!! Most important design element is ATTRACTION !!!
8/8/2014
M. Grader, Fish Migration 13
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Integrating Fish Biology 
into Fishway Design
Goal: Provide for the safe, timely and effective 
passage of fish
Consider following factors for downstream passage:
For each target species (or suite of species)
o swimming ability & size
minimize impingement & entrainment
o migration behavior
placement of bypasses (e.g., surface, bottom)
effectiveness of guidance devices
!!! Most important design element is ATTRACTION !!!
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
26
Summary
• Diadromous fish are obligate migrants
• Facultative migrants also need passage
• Barriers restrict access to habitats important to 
migratory fishes
• Fishway design must consider species-specific 
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Hydrology: 
Characterizing Streamflow
Fish Passage Workshop, August 5-6, 2014
David Ahlfeld, Professor, UMass Amherst
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
The Hydrologic Cycle
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Fish Migration and Hydrology
• Many diadromous fish migrations are 
triggered by flow and temperature
• Results in a limited window for moving fish 
upstream
– delays may impact life history of fish
• Higher flow regimes in the Spring create 
naturally challenging conditions for fish 
movement
How is this affected 
by dams?
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Streamflow Basics
• Measured as 
volume per time
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What Generates Streamflow?
• Storm events








Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Measuring Streamflow
• USGS Gaging Network
– Over 6000 gages in US
– About 110 in Mass and RI





– 15 minutes (continuous)
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USGS Stream Stats
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Summarizing Streamflow Data
– Annual average conditions
• Annual average streamflow
• Average peak or minimum streamflow
– Average seasonal conditions
• Average daily flow in specific months
• Maximum or minimum daily flow in specific months
– Extreme Events
• Largest and smallest flows on record
• Frequency of flow exceeding a threshold
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USFWS Fish Passage Workshop 2014 7/22/2014
Surface Water Hydrology, D. Ahlfeld 5
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Streamflow Statistics (and Probability)
• Return Period – the 100 year flood
– The annual maximum flow that will, on 
average, be equaled or exceeded once every 
100 years
• 7Q10 – a flow value with a 10 year return 
– In any year, there is 10% chance that the 
lowest 7-day average flow will be less than 
7Q10
• 7-day average flow is a running average of daily 
average flows
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Flow Duration Curve (FDC)
A plot of flow rate (Q) versus the probability (P) that the 
flow rate will be exceeded in a specified time interval.
This plot shows the flow rate (Q95) which will be equaled 
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Flow Duration Curve (FDC)
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Flow Duration Curve (FDC)
• Based on historical record for a site
• NOT valid for return periods inference
Compiled July 24, 2014
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Examples of Variations in FDC 
http://pubs.usgs.gov/
wri/wri984269/
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
What if your stream is ungaged?
• Scale by watershed area from nearby 
gaged stream
• Consider similarity of watershed area, 
land use, geology, exposure to 
precipitation events. 
Compiled July 24, 2014
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Proration by Drainage Area
Transfers stream flow from a gaged REFERENCE 
site to a non-gaged TARGET site.










At = area of target watershed
Ar = area of reference watershed
X ~ 1.0
Qt = flow at target
Qr = flow at reference





















































Compiled July 24, 2014
USFWS Fish Passage Workshop 2014 7/22/2014
Fish Passage Design Flows, B. Towler 1
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Fish Passage 
Design Flows
Brett Towler, Regional Fish Passage Engineer, USFWS








“During development of fish passage facility designs, site specific information is 
critical for determining the design time frame and river flow conditions.”  
-NMFS (2012) Diadromous Fish Passage
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Fish Passage Workshop, August 5-6, 2014, Hadley, MA
In 1992, Congress provided guidance on what constitutes 










Congress’ definition of a fishway is very broad…
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Zone of Passage (ZOP)
Refers to the contiguous area of sufficient lateral, 
longitudinal, and vertical extent in which adequate 
hydraulic and environmental conditions are 
maintained to provide a route of passage through 
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Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Safe Passage
• Requires that movement through the zone of 
passage does not result in any unacceptable 
stress, incremental injury, or death of the fish.
Timely Passage
• Occurs when successful movement through the 
zone of passage proceeds without significant 
impact to essential behavior patterns or life 
history requirements.
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Effective Passage
• Results when project operations and 
environmental conditions align during the 
migration period to allow all target species to 
move through the zone of passage.  
• Effectiveness may include both qualitative and 
quantitative components; however, efficiency is 
a term typically reserved for quantitative 
evaluations of effectiveness. 
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Efficiency
• Efficiency or overall efficiency, is a quantitative measure 
of the proportion of the stock that has successfully passed 
the barrier (e.g., hydroelectric project) in order to maintain 
a self-sustaining population, restoration target, or other 
fisheries management goal.
Passage Efficiency 
• Passage Efficiency is a measure of the proportion of the fish 
attracted to the fishway that successfully move through the 
fishway or zone of passage.
Attraction Efficiency 
• Attraction Efficiency is a measure of the proportion of the 
stock that is successfully attracted to the fishway or zone of 
passage.
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
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Safe.  Timely.  Effective.
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Fish Passage Design Flows
Refers to the range of stream flow over which a 
fish passage facility must operate to achieve safe, 
timely, and effective passage.  Outside of this 
range, it is assumed that fish are not actively 
migrating or may be able to pass the barrier 
without the need of a fish passage facility. 











Compiled July 24, 2014
USFWS Fish Passage Workshop 2014 7/22/2014
Fish Passage Design Flows, B. Towler 6








“What's in a name? that which we call a 
design flow by any other name would provide 
passage”
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
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1. Mean Flow Indices
2. Return Interval Approach
3. Flow Duration Method
• Design flows are important elements of 
safe, timely, and effective fish passage.
• Establishing design flows is typically a 
first step in fishway design.  
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Mean Flow Indices
• High design flows based on a multiple of annual
or monthly average stream flow
• Monthly flow depends on target species
• Typically select month during peak of migration for 
diadromous species
• 3-4 times annual mean 
daily flow correlates 
well with other 
methods
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Advantages:
• Simple
• Does not require FDC or frequency analysis
Disadvantages:
• No estimate of frequency of fish passage 
conditions nor duration of passable 
conditions
Mean Flow Indices
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Return Interval Approach (Q3d)
• High design flow only
• Proposed by Katopodis (1992) 
“Introduction to Fishway Design”
• Based on frequency analysis of multiple day 




 10 year RI
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Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Return Interval Approach (Q3d)
Advantages:
• Incorporates delay metric (e.g., 3-day) that 
impairs spawning cycle
• Accounts for frequency of events that may 
impact cohorts (e.g., 10-year)
• Adaptable to any combination of delay and 
frequency
Disadvantages:
• 3-day, 10-year produces large flow!
• Basis for 3-day, 10-year is not well established
• Not widely accepted by resource agencies
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Flow Duration Method
• High and low design flows
• Easily illustrated on the project’s flow duration 
curves (FDC)
• Design flows related to historical probability that 
flows were equaled or exceeded
• Method allows one to quantify % of year 
(or migration period) that fishway (or ZOP) is 
within operating range.
• Most commonly used method by government 
resource agencies (e.g., FWS, NOAA, USFS)
Q FDC
P
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Fish Passage Workshop, August 5-6, 2014, Hadley, MA
USFWS Low Design Flow, Q95
The design low flow for fishways is the lowest magnitude 
river discharge during which safe, timely and effective
fish passage can be achieved . The Service defines this 
low flow as the smallest daily average streamflow that is 
equaled or exceeded 95% of the time during the period 






Fish Passage Workshop, August 5-6, 2014, Hadley, MA
USFWS High Design Flow, Q05
The design high flow for fishways is the highest 
magnitude river discharge during which safe, timely 
and effective fish passage can be achieved . The Service 
defines this low flow as the smallest daily average 
streamflow that is equaled or exceeded 5% of the time 
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Fish Passage Workshop, August 5-6, 2014, Hadley, MA
10%
Q
P20% 30% 40% 50% 60% 70% 80% 90% 100%
MIGRATION PERIOD V. ANNUAL
annual FDC
(i.e., Jan – Dec) 
FDC typical of spring 
migration periods 
(e.g., alosines)
Recommend using a min. of 10 years of data to calculate FDC
typical 
shift



















90% of the 
Migration Period 
(or year)
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Fish Passage Workshop, August 5-6, 2014, Hadley, MA
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Q1 – powerhouse hydraulic capacity
Q2 – flood gates open
65% of the time, fish are
attracted to PH only
15% of the time, fish are attracted to PH 
and bypass (below spillway)
10% of the time, fish are attracted to PH, spillway 
and flood gates (if distinct from spillway)
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Design Flows
• Range represents the entire river flow during the 
fish passage season 
• not the discharge through the fishway!
• Hydrology is dependent on migration season of 
target species
• e.g., Atlantic salmon, ME : April 15 to Oct 31
• e.g., American shad, MA : April 1 to July 15
• Allows for passage during 90% of the migration 
season
• Fishway should be designed to be operable over 
this range (actual operations may differ)
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
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Upstream Fishways
Overview
Brett Towler, Regional Fish Passage Engineer, USFWS
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Upstream Fishways Overview
1. Categories and fishway types
2. Comparison of technologies
3. Appreciation for different scales
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Fishway, fish passageway, fish pass
• Synonymous terms though fishway is most common
• Applies to upstream, downstream, volitional and non-
volitional devices and structures
Technical fishway
• Made from concrete, steel or wood often comprised of 
uniform pools, prismatic channels and moving parts; 
upstream and downstream are often separate fishways
Nature-like fishway
• High-gradient, engineered channels that mimic natural
in-stream structures to provide a diversity of hydraulic 
conditions; combined upstream and downstream
3
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Volitional
• Fish ascend (or move through) fishway willingly
• ladders, not lifts
• Functionality based on rheotaxis
• Less moving parts; lower O&M
• Higher energetic cast for fish
Non-Volitional
• Fish are carried or moved mechanically
• Lifts, locks, and trap & transport
• Many moving parts; higher O&M
• Low energetic cost for fish, but subjects fish to 
mechanical or human handling
4
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Baffled Chutes
• Category of volitional fishway (i.e., ladder)
• Derivative of work by Belgian researcher, G. Denil
• Hydraulically function as open channel flumes
• Baffles serve as roughness elements
• Also know as a “counter flow pass”
• Alaska Steeppass and Standard Denil pass are common on 
the east coast
7
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Standard Denil Fishways
• Baffled-chute type fish ladder
• Typically 2-4 foot wide prismatic concrete, steel or 
wood channels
• Applicable to small to large dams and barriers
• Moderate capacity for fish passage
8
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• fishway entrance is the 
water outlet
• Entrance is 
2 to 4 ft wide
• Flat entrance channel 
transitions into sloped 
floor
• Wooden baffles 
characteristic of a 
Standard Denil ladder
9
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
• Entrance located near 
toe of dam
• Design constraints on 
slope and entrance 
proximity to dam often 
necessitate “switchback” 
layout
• Turning pools typically 
double as resting pools 
for fish 
10
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Alaska Steeppass
• Baffled-chute type fish ladder
• Originally designed for portability
• Used in Alaska (Ziemer 1962)
• Applicable to low head dams
• Low capacity for passage
• Models A, A40, and C are 
common on the east coast
11
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
• Layout similar to 
Standard Denil
• Turning and 
resting pools
• Often constructed of 
steel or aluminum
12
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Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Pool-Type
• Category of volitional fishway (i.e., ladder)
• Pool-type ladders have been used for hundreds of 
years
• Hydraulically function as overflow weirs
• Ice Harbor and Vertical slot are common variants
14
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Pool-and-Weir Fishways
• Fish ascend over weirs 
through nappe
• Sequential pools 
• Rectangular weirs





Fish Passage Workshop, August 5-6, 2014, Hadley, MA
16
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Vertical Slot Fishway
• Pools notched with vertical slot
• Applicable to medium head dams
• Scalability to east cost species a concern
17
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
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• Pools arrayed in stepped 
channel; includes turning 
and resting pools
• Characteristic vertical 
slot serves as hydraulic 
control
• Complex hydraulics
• Sizing and arrangement 
of slot and walls is 
variable; influenced by
1. hydraulics, discharge
2. biological needs of fish
19
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Ice Harbor Fishway
• Pool-type variant
• Developed on the Ice Harbor dam on the 
Snake River
• Applicable to medium to high head dams
• Successful technology used on west coast
• Behavior of east coast species 
(specifically alosines) may influence 
design and applicability
20
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2 overflow weirs separated 
by a central baffle wall
note aeration and turbulence 
(east coast specific concerns)
21
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Typical geometry of a “full” Ice Harbor ladder
22
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Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Mechanical Fish Passage
• Non-volitional fishways include:
• Fish lifts (or elevators)
• Fish Locks (rare)
• Trap and transport
• Mechanical passage moves fish over dams
• Little to no energetic cost to fish to ascend
• Benefit to alosine biology
• Subject to human operations and handling
• Many moving parts… 
and therefore subject to many types of failure!
24
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Fish Lifts 
& Fish Locks
• Non-volitional fish passage
• Applicable to high head dams
• Hydropower
• Cost largely independent of height
• O&M requirement high
• Passage to wide number of species
• Common on east coast
25
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
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Hydraulics: 
Relating Flow to Other Variables
Fish Passage Workshop, August 5-6, 2014
David Ahlfeld, Professor, Umass Amherst
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
The Channel
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Flow and Velocity
• Velocity related to flow
– Q = V A 
– V = average velocity across cross-section
– Actual velocity will vary across cross-section
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
What controls velocity of water in stream?
• Gravity Force (Slope) 
– Of water surface
– Of stream bed
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Manning’s Equation
– R = hydraulic radius (related to roughness 
area)
– n = “Manning’s n” – a tabulated roughness 
measure
– Sf = slope of streambed (and water surface)
– A = cross-sectional area
– K = unit constant (1.49 ft/sec; 1.0 m/sec)
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Manning’s Equation
• Based on balance between gravity and 
shear forces
• Assumes steady, uniform flow 
• Developed in 19th century – widely used 
for many applications
• Written in velocity and flow form
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Typical textbook values
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
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Stream Stage
• Elevation of water surface above a datum
• May differ from depth of water
• Easy to measure/used to infer flow
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Variation of Stage and Velocity 
• Flow/stage/velocity all related
• For a given flow, as stage increases 
velocity decreases
• A given flow can occur in
– Fast, shallow (high V, low stage) supercritical
– Slow, deep (low V, high stage)  subcritical
– Example/pool and riffle structure.
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Weir equations
• Force a transition from slow/deep to 
fast/shallow flow using a weir
• Theory provides a description of 
relationship of flow and stage
– Weir equations available for different 
geometry of flow barriers
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Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Rectangular Sharp-Crested Weir
ܳ ൌ ܥ 23ܾ 2݃	ܪ
ଵ.ହ
Compiled July 24, 2014
USFWS Fish Passage Workshop 2014 7/22/2014
Hydraulic Engin. Fundamentals, D. Ahlfeld 8
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Advanced Topics
• Gradually Varying Flow
• Rapidly Varying Flow
• Hydraulic Jumps at Flow Transitions
• Computer codes for channel hydraulics
– HEC-RAS (Army Corps of Engineers)
– FishXing (US Forest Service)
– SMS (Aquaveo – BYU)
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Fishway 
Hydraulic Design
Brett Towler, Regional Fish Passage Engineer, USFWS
1
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Primary Hydraulic Design 
Parameters for Fishways
There are myriad considerations in the design of a 






5. Turbulence and Aeration
6. Streaming/Plunging
2
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Flow
• Flow is based upon discharge at the 
hydraulic control in the fishway
• Hydraulic control can a point (e.g., transitional 
flow over a weir) or a length of a channel (e.g., 
uniform flow in a channel)
• Over the course of a fishway, flow may have 
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Weir Flow
5
• Steady, rapidly varied, 1D flow:
Weir height, shape, 





Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Flow and Instabilities
• In general, fishways – as with most hydraulic 
structures -- should be designed for stable 
conditions.
• Avoiding instabilities may constrain design, 
require additional structures, or limit discharge 
ranges
Ice Harbor ladder was designed to dampen 
“oscillations which produce transverse waves 
across the full width overflow weir“ 
“New Concepts in Fish Ladder Design”
Volume III of IV
Powers et al., 1985
6
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Attraction Flow
• Most fishways do not discharge enough flow to 
provide adequate attraction at hydroelectric 
projects.  
• Steeppass 3 to 10 cfs
• 4-ft Denil 16 to 35 cfs
• 16-ft Half Ice Harbor 30 to 50 cfs
• Flow is augmented with auxiliary water system 
(AWS)
• This requires a separate, often more complex, water 
conveyance system
7











*for projects on the mainstem of the 
Penobscot River, NMFS requirement results in 
attraction flows 5+ times greater!
8
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Velocity
• Currents with adequate velocity are necessary 
at entrances to attract fish 
(i.e., induce rheotactic response)
• High velocities may impede fish movement 




Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Swim Speed v. Water Velocity
• Water velocity in fishway design must be 
evaluated with the distance the fish must cover 
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 Maximum AWS diffuser point-velocity criterion set 
to prevent confusion in fish
 Vertical/wall diffusers, V ≤ 0.5 ft/s 









Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Water Depth
• Providing sufficient depth allows fish to swim 
normally and may alleviate any adverse 
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Width
• In a natural environment, fish are accustomed to 
moving in an open river.
• Narrow opening many inhibit swimming ability, 
injure fish or elicit a rejection response.
• Fishways, by necessity, concentrate flow and 





Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Width
• In trapping scenarios, narrow widths may serve 
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Turbulence and Aeration
• Commonly misunderstood!
• Turbulence and aeration are separate phenomena 
that often occur simultaneously when high energy 
flows occur near the 
water-air interface
“Big whorls have little whorls
That feed on their velocity,
And little whorls have lesser whorls
And so on to viscosity.”
- Lewis Richardson
15
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Turbulence
• Rivers are naturally turbulent environments
• Fish are accustomed to turbulence
• Extreme turbulence has been shown to 
impact fish swimming ability
• Scale of turbulent eddy is an important factor
• In general, we design fishways for 
moderate to low levels of turbulence





Compiled July 24, 2014
USFWS Fish Passage Workshop 2014 7/22/2014
Fishway Hydraulic Design, B. Towler 9




Fish Passage Workshop, August 5-6, 2014, Hadley, MA
*flow regimes for a ‘wide river’ demonstrate that laminar 
conditions generally only exist in slow moving impoundments.
18
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Aeration or Air Entrainment
• Entrained air can dissuade fish from entering into 
a fishway or fish passage structure; it should be 
minimized
• Unnecessary hydraulic jumps in channels, under-
designed AWS diffusers, and plunging flow are 
common sources of aeration and bubbles.
19
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Power Dissipation Rate and the EDF
• Energy Dissipation Factor (EDF), estimates 
turbulence and aeration
• Measure of the volumetric rate of energy 
dissipation in a pool, chute or stream reach.
PV
QHEDF 
*many other forms of the EDF exist; this is the most 
common version for step-pool fishways
20
where:
Q is the flow through the fishway
H is the head drop per pool
VP is the volume of the pool
 is unit wt. of water
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• criterion for turbulence 
in step-pool technical 
fishways









Fish Passage Workshop, August 5-6, 2014, Hadley, MA
 Various EDF recommendations for species, 
life stages, and fishway components exist
 Design parameter support by numerous agency 
guidelines and peer-reviewed literature
 Primary parameter for sizing pools
Fishway Dimensions and EDF
22
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• Plunging Flow
• Flow plunges downward into pool
• Occurs with lower head on weir crest
• Creates a reverse-rolling hydraulic
• Streaming Flow
• Occurs with higher flows/higher heads
• Can be induced by decreasing longitudinal 
pool length
• Generally accepted that streaming flow regime is 
preferred for alosines
• Creates a forward-rolling hydraulic 
Streaming and Plunging Flow
23
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Streaming Flow
24
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Plunging Flow
29
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• On average, transition occurs around  = 0.25





Qw is the flow over weir
S0 is the slope
Bw is width of the weir
LP is length of the weir
g is gravitational acceleration
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35
plunging streaming
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Hydraulic Design “Take Home” Messages
• Hydraulic design should drive function of fishway 
and initial conceptual plans
• Resource agencies have identified important 
hydraulic relationships that influence fish passage
• Good design incorporates many different, often 
conflicting, parameters…
• Approach the hydraulic design of fishways with 
the same rigor as any other hydraulic structure!
36
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Steeppass Fishways
Brett Towler, Regional Fish Passage Engineer, USFWS
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Steeppass: A Baffled Chute Fishway
1. Geometry and Layout
2. Discharge Characteristics
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Typical Layout of a Model A Steeppass
sloped baffled sections
direct entrance
exit, cut into dam
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Geometry of a Model A Steeppass
5
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• Similar concept to Standard Denil
• Baffles in a steeppass are “more aggressive” 
than Denil allowing for steeper installation 
slopes
• Modular; designed to be carried into remote 
locations in pieces and assembled on site
• Manufactured from aluminum or steel
• Typically in 10-foot sections
7
Geometry of a Model A Steeppass
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
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Hydraulic Characteristics
of steeppass ladders
• Simple sloped open flumes (i.e., w/out baffles) 
will create velocities that are impassible to 
fish.
• Baffles primarily serve to dissipate energy and 
reduce average velocity in flow to speeds 
achievable by upstream migrants




Fish Passage Workshop, August 5-6, 2014, Hadley, MA




















where: Q is discharge (cfs)
H is water level above invert (ft)
S0 is arithmetic slope of steeppass
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Does the steeppass discharge
sufficient attraction water?
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Depth sufficient to safely pass
target species?
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Can target species swim
fast enough?
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
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STEEPPASS - VELOCITY PROFILES
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STEEPPASS - VELOCITY PROFILES
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STEEPPASS - VELOCITY PROFILES
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STEEPPASS - VELOCITY PROFILES
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• Standard Denil and steeppass fishways have a 
limited capacity to pass fish
• Estimates based on seminal work by 
Slatick (1975, 1985) and refined in years since
• Capacity is based on an estimate of peak hourly 
loading and the distribution of alosines over a 
season
• Compressed movement of alosines often 
represents highest loading case
Biological Capacity
of Baffled Chute Fishways
20
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• 50,000 herring per year design capacity
• Steeppasses not typically used for shad; 
coastal streams only
• Design weights (adults):
• River herring 0.5 lbs
• American shad 4.0 lbs
• Atlantic salmon     8.0 lbs
• Or 3,125 adult Atlantic salmon
Model A Steeppass Capacity
21
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Other Factors: Drainage Size
22
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• In general, fishway must compete with river flow, 
yet steeppass discharge is small
• Steepass can accommodate small headpond swing 
• Model A,  HW ~ 10 inches
• Model 40,  HW ~ 23 inches
• Steeppasses only applicable to small (coastal) 
watersheds
• Model A, DA ~20 square miles or less
• Model A40, DA ~30 square miles or less
Other Factors: Drainage Size
23
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Originally designed for use without a distinct entrance 
structure, many applications require structures to train 
attraction jets into a fluctuating tailwater
Entrances
24
bondouts for weir boards
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• Inexpensive, modular, limited infrastructure req.
• Also good for temp. installations or testing
• Low head dams
• Small watersheds < 20 mi2
• Run-of-river projects
• HW fluctuations less than 10” during migrations
• Hydro w hydraulic capacity < 350-400 cfs
• Higher, perhaps, with AWS
• Species
• salmonids, river herring, and
shad (at mild slopes 1:10 ?)
Steeppass Applications
25
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
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Upstream - Chute Type 
Denil Fishways
• History and species use
• Design details and flow
• Future limitations and 
considerations
Fish Passage Workshop, August 5-6, 2014
Curt Orvis, Chief, Fish Passage Engineering, USFWS 
Northeast Regional Office-Fisheries Program
1
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
History of Denil Fishways - 1908
• “G. Denil of Brussels, Belgium devised a system 
of baffles in a channel which by nature of their 
shape and position impart a secondary outward 
circulation of flow, producing a momentum 
transfer from the central portion of the channel 
toward the walls” (Fulton, USFWS, 1953)
• Targeted salmonid species to pass 
barrages (dams) on the Meuse and 
Ourthe (Oerthe) Rivers, Belgium 
2
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• British Institute of Civil 
Engineers, 1942, Report of 
the Committee on Fish 
Passes 
• attributed to simplifying the 
design to a single plane 
baffle
4
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Swedish Fisheries in Stockholm
• Valter Furuskog, 1945, A new salmon pass 
• increased linear dimensions
• reduced the slope
• designed and built ladder at the Herting Power 
Dam in Sweden
• Considered an immediate success in passing 
54 Atlantic salmon up to 20# and 6 sea-run 
trout in one 3-hour period 
(no indication of run size) 
5
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Similar and Related 
Refinements in the United States
• Nemenyi, 1941, An annotated bibliography of fishways
• McLeod, A. M. and Paul Nemenyi, 1941, An 
Investigation of Fishways, Iowa Institute of Hydraulics
• Hydraulic testing of multiple baffle shapes, sizes, and 
configurations for 33 models 
• Constructed full scale pool and overflow, pool and 
orifice, submerged orifice, paired obstacle, and small 
and large Denils
• Species tested by abundance: quillback, channel 
catfish, carp, gizzard shad, moon-eyed herring, Buffalo, 
sheepshead perch, yellow catfish, redhorse and 
common sucker, chub, bullhead, sunfish, walleyed 
pike, pickerel, and eel
• Results showed general preference for small Denil
6
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USFWS Fishway Test on Pacific salmonids
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built first in the 
East in 1956 at 
a 3 foot high 
dam 
• Decker, 1967, 
Fishways in Maine
9
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Fishways in Maine
10
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Geometry of Denil Baffles
• Primarily serve to dissipate energy and reduce average 
velocity in flow to speeds achievable by upstream 
migrants (longitudinal spacing .53 or 2/3 width)
• Drawback is that baffles entrain air which reduces the 






From DVWK (2002) Fish Passes
12
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baffles typically built from 
dimensional lumber (e.g., 
2x6, 2x8); PT if 
permissible
top cross beam lends support 
and should remain above WS 
through operational range
connectors vary from ¼” 
stainless to ¾” galvanized 
carriage bolts
lower cross beam and vertical ends 
are mitered to seat at 45o with 
channel floor
13
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
14
Compiled July 24, 2014
USFWS Fish Passage Workshop 2014 7/22/2014
Denil Fishways, C. Orvis 8
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
though timber baffles are removable for operational and 
maintenance reasons, this is no easy task!
15
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From DVWK (2002) Fish Passes
Depending on total lift, usually constructed as a connected sequence of 
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fishway exit
note slots for baffles; installation of 
baffles can also be made using 
angle iron (more common with 
retrofits however)
chutes are always straight; bends 
incorporated into turning/resting 
pools
17
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entrance equipped with stop log slots 
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note entrance jet; differential with 
TW and flow characteristics 
controlled by flow, TW level, and 
removable stop logs   
stop log slots
19
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baffles are oriented 45o to the channel bottom; improper 
orientation to the horizontal is a common mistake
where possible; 
entrance should be 
aligned with prevailing 
flow in the head pond 
to prevent negative 










baffles start and stop 
at the inflection points
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turning pools necessary when lift 
exceeds limit of single section
Typically, turning/resting pools are 
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23
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Velocity profiles for Denil fishways for slopes of a) 10 %, b) 20 % and c) 30 % 
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Velocity profiles for Denil fishways for slopes of a) 10 %, b) 20 % and c) 30 % 
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Velocity profiles for Denil fishways for slopes of a) 10 %, b) 20 % and c) 30 % 
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“Discharge Rating Equation 
and Hydraulic Characteristics 
of Standard Denil Fishways”
Odeh (2003)
28
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• 25,000 per year design capacity
• 4-foot wide Denil typical for American shad passage
• Design weights (adults):
• River herring 0.5 lbs (200,000)
• American shad4.0 lbs (25,000)
• Atlantic salmon 8.0 lbs (12,500)
• 4-foot wide Standard Denil has approximately
four times the biological capacity as a 
Model A steeppass.
Standard 4 ft Denil Capacity
29
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
• Relatively inexpensive (compared to pool-type)
• Concrete construction may require cofferdam
• Suited for low to medium head dams
• Energetically taxing at higher heads (30+ feet)
• Slope 1:8 or less recommended
• Often augmented by Auxiliary Water System 
(AWS) for larger hydro plants
• Will accommodate minor HW fluctuations
• HW fluctuations less than ~3 feet
• Species
• salmonids, river herring, shad (at mild slopes 1:10)
Denil Applications
30
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Side by side for 
Capacity
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Future considerations - turbulence
36
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Future considerations – entrance 
criteria and conditions
37
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Attraction Flow and Auxiliary 
Water Systems (AWS)
Fish Passage Workshop, August 5-6, 2014
Curt Orvis, Fish Passage Engineering Chief, USFWS
1











*for projects on the mainstem of the 
Penobscot River, NMFS requirement results in 
attraction flows 5+ times greater!
2
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Attraction Flow - Upstream
• Most types of fishways do not discharge enough 
flow to adequately attract American shad as 
primary species into the entrance of the fishway
at hydroelectric projects 
• Steeppass (22” wide) 3 to 10 cfs
• 4-ft wide Denil 16 to 35 cfs
• 16-ft wide Half Ice Harbor 30 to 50 cfs
• 8-ft wide by 10-ft long V-slot  10 to 55 cfs
3
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Attraction Flow - Upstream
• Flow is augmented with AWS systems
• This requires a separate, often more complex, water 
conveyance system to add water immediately 
upstream from the entrance
• Flow is diffused through grating on the floor, side walls, 
or upstream from the hopper (in the case of a lift)
4
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Distribution of AWS by type on Mainstem Rivers
• Gravity floor diffuser – 28 
• (ME, NH, VT, MA, CT, NY, PA, MD, VA, SC)
• Combined wall diffuser – 9 Lifts (ME, VT, CT, PA, VA)
• Gravity wall diffuser – 5 (ME, CT)
• Pumped floor diffuser – 5 in Maine 
(built 1970s – 1980s) 
• Through the fishway - 3 Denils (ME, ME/NH, CT)  
• Through the fishway– 2 V-slots (ME) 
• Separate and Adjacent to the fishway – 2 - non-
functioning
5
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Gravity floor diffuser system
• Intake in exit channel of fishway
(criteria under review: 0.5 to 1 fps grating velocity)
Anti-vortex plates – no known criteria on plate sizing 
• Pipe system – varies with orifice plates, valves, other
(sized to provide flow with headlosses in bends, openings, 
friction, etc)
• Diffuser chamber
(criteria under review: 5 cubic feet volume per cfs flow
West coast uses EDF for volume)
• Baffles, vanes, or manifold 
(timbers aligned vertically with horizontal overlap)
• Diffuser grating
(Criteria under review 1 fps max point velocity)
6
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Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Combined Wall Diffuser System
• Trend in fish lift design
• Combines operating flow with auxiliary water 
system to pass all flow over the hopper
• Eliminates floor diffuser cost and access issues 
during operation
• Easier to access diffuser vanes, panels, or 
manifold during operation
• Has shown to increase passage efficiency for 
some species (river herring in Sebasticook)
• criteria under review for V up to 3 fps over hopper
8
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Gravity Wall Diffuser System
• Larger surface area of grating needed
(criteria: 0.5 fps maximum velocity at the grating)
• Limited use due to possible false attraction 
considerations
• Considered adequate in CT based on operations of State 
owned Rainbow for American shad
• Can be coupled with downstream passage system
• Under testing and refinement at Denil on the Manhan
River, MA
• Criteria for diffuser chamber volume, flow vanes, baffles, 
and operation needed 
11
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Pumped floor diffuser
• Developed under favorable power 
contracts
• Avoids forebay intake and piping
• Limited operation during passage 
season
• Pumps tend to wear out, fatigue, or fail
• Maintenance, life cycle costs, and poor 
performance limit use
• No new systems since 1988 
14
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Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Auxiliary water through fishway
• Howland- being reconstructed with nature-
like bypass
• Vanceboro & Forest City – Storage – V-Slots 
no powerhouse
• South Berwick – Denil -Hydro capacity 900 
cfs – limited American shad passage
• Occum – Hydro Capacity 900 cfs – Denil has 
removable baffles to increase flow –
American shad passage limited downstream
16
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So Berwick, ME/NH
Occum, CT  - no AWS
17
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DS Attraction Flow
• Downstream bypass flow must be discernable in 
the presence of unit intakes (a competing flow) 
• Service criteria calls for DS bypass intake(s) to 
have an attraction discharge:
Up to 4% to 5% of station 
hydraulic capacity (not to be 
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Recycle pumps tested in 1980s 
and 1990s
• Fourth Branch on the Mohawk for juvenile and 
adult blueback herring
(Juvenile impingement reduced number and use of 
pumps)
• Woodland on the St. Croix for Atlantic salmon 
smolts
• South Glens Falls on the Hudson River
• Town of Watertown on the Black River for 
riverine 
• Elsworth, Union Lake, continued to operate
19
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Impingement failure on pump 
screens – blueback herring
20
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Multiple entrances for larger 
forebays
• Guideline to have 1 entrance per 25 to 50 feet 
or a typical turbine unit width
• Often combined or developed using existing 
trash systems
• Minimum width of 3 feet based on trash and 
debris handling and smolt passage
• Zone of influence 8 to 10 feet for smolts and 
juvenile alosa
23
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Multiple surface portals  
24
Entrances
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Surface and Bottom Entrances
25
Entrances
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Influence zone in the forebay
• Criteria under 
review on CFD 
modeling for 
velocities within an 
8 to 10 foot 
influence zone to 
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DS Attraction Flow
• Bypasses weirs are the most common; flow is 
controlled by the well-known weir equation:
• Discharge coefficient C varies (2 < C < 5) 
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NY State Dam Bypass Gate 
Operations
30
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Gate changes for fish densities
31
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Mohawk River Inflows 
32
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Pool-Type 
Fishways
Brett Towler, Regional Fish Passage Engineer, USFWS
1
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Pool-Type Fishways





Fish Passage Workshop, August 5-6, 2014, Hadley, MA
• Pool-type fishways are one of the oldest fish 
passage technologies
• Fundamentally different from baffled-chute types:
1. Baffled-chutes approximate open channel flow
2. Pool-types characterized by sequential step-pools
• Pool-types can range from small to very large
• Biological capacity to pass fish is large
• Subject to operational challenges
Overview
4
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5







each pool divides 
the total barrier 
height into ~6” to 
24” steps
6
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of culverts for 
fish passage
7
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Hydraulics of a Weir
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As water over the crest increases… 
so does the velocity. 
• Consider a fishway designed for river herring with a burst speed 
of 6 ft/s; fish must ascend through a 4‐ft‐long jet of water.






Time to Ascend Pool
(sec)
0.5 2.1 5.0 2.9 1.4
1.0 3.0 5.0 2.0 2
1.5 3.7 5.0 1.3 3.1
2.0 4.2 5.0 0.8 5
2.5 4.7 5.0 0.3 13.3
3.0 5.2 5.0 -0.2 NEVER
With as little a 2 ft. over the crest, the velocities being 
to challenge the endurance of smaller species! 9
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For a hydropower project with 40 feet of net head, 
this typically requires a pool & weir fishway of 
400 feet or greater.
10
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Ice Harbor Fishway
• Pools & weir modification
• eliminate transience
• promote flow development
• provide resting areas
• Applicable to medium to high head dams
• Successful technology used on west coast
• Scalability to east cost species a concern
• Streaming flow (hydraulic) concerns
12
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note rectangular pool shape
13
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
South Fish Ladder, Ice Harbor Dam
14
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Fish Passage Workshop, August 5-6, 2014, Hadley, MA
• Oscillations/Transience reduced by central 
baffle
• Discharge
– Sum of flow through all orifices and over all weirs
– Typically 2 weirs, 2 orifices in an Ice Harbor
• Velocity





Compiled July 24, 2014
USFWS Fish Passage Workshop 2014 7/22/2014
Pool‐Type Fishways, B. Towler 10




• Different from Pool & Weir, Ice Harbor and 
other fishways with weir crests
• Vertical slot serves as hydraulic control
• Primary advantage is ability to 
accommodate large swings in headpond
19
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
vertical slot and serpentine fishways
20
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vertical slot fishways 21
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
single slot design
22
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dual slot design
23
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Vertical Slot Geometry
• Geometry influences discharge, velocity, 
turbulence and other hydraulic parameters
• Some vertical slot designs have been 
standardized
• e.g., Rajaratnum, Wu, Katopodis
• Non-standard designs should be calibrated with 
physical models
• energy dissipation and flow development 
can result in flow instabilities
24
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Vertical Slot Model in Flume
25
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
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standard design #1
30
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Vertical Slot Summary
• State-of-the-art fish ladders
• Accommodates large fluctuations in HW
• Hydraulics are very diverse and depend 
on geometry
• Flow pattern and dimensions influence fish 
behavior, swimming ability, and ascend rate
• Standard design geometries exist; 
non-standard geometries should be modeled first!
32
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Vertical Slot Summary (cont.)
• Medium slopes (4% to 10%)
• Applicable to low and medium head dams
• Turning pools may be unnecessary for resting 
(required for site layout only?)
• Velocities through slots should be less than burst 
speeds of target species
• Slot width should be significantly larger than 
target species
• High energy dissipation characteristics
33










































































































The design example will be worked in class, as a group, under the 
guidance of the instructors.  Additional materials will be distributed 
on the day of the workshop. 
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Design Example
Vertical Slot Fishway
Bryan Sojkowski, Regional Fish Passage Engineer, USFWS
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
• Your firm, Rice, Lynn and Associates has been 
hired to design a fishway at the D.M. Evans Dam 
on the Scott River.   
• The Evans Dam is 160-foot-long concrete gravity dam 
with an ogee crest at elevation 165.1 feet USGS.   
• Based on the target species identified by state resource 







In multi-species fishways, 
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1. DETERMINE THE FISH PASSAGE DESIGN FLOWS
• Download daily average river flow data from 
reference USGS stream gage site
• Transfer daily data to dam site
• Parse data to composite migration season
• April 15 to October 1 for salmon, shad and herring
• Rank data, calculate probability 
using Weibull Eqn.
• Plot probability vs. River flow (flow duration curve)
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Historical Probability the Flows were Equalled or Exceeded 






















Historical Probability the Flows were Equalled or Exceeded 
During the Migration Season
FLOW DURATION CURVE linear
Log plot (y-axis)
2004 - 2013

























Historical Probability the Flows were Equalled or Exceeded 






















Historical Probability the Flows were Equalled or Exceeded 
During the Migration Season
FLOW DURATION CURVE linear
Log plot (y-axis)
2004 - 2013
April 15 – Oct 1
Composite Migration Period
LOWHIGH presenting flow
in log scale 
enhances clarity
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1. DETERMINE THE FISH PASSAGE DESIGN FLOWS
• Download daily average river flow data from 
reference USGS stream gage site
• Transfer daily data to dam site
• Parse data to composite migration season
• April 15 to October 1 for salmon, shad and herring
• Rank data, calculate probability 
using Weibull Eqn.
• Plot probability vs. River flow (flow duration curve)
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2. IDENTIFY MIN. & MAX. OPERATING ELEVATIONS
DESIGN
EXAMPLE
• Locate headwater (HW) and tailwater (TW) rating 
curves from dam owner
• Or develop new ones; typically weir eqn for HW,
HEC-RAS for TW
• Determine HW and TW elevations that correspond to
the high and low design flows:
HW ft ft
TW ft ft
LOW FLOW HIGH FLOW
HW
TW



























Flow in the Scott River (cfs)
Headwater (HW)
Tailwater (TW)
HEADWATER & TAILWATER RATING CURVES
8/8/2014
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fishway must connect these 
changing water surfaces 
over a large operating 
range
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
2. IDENTIFY MIN. & MAX. OPERATING ELEVATIONS
DESIGN
EXAMPLE
• Locate headwater (HW) and tailwater (TW) rating 
curves from dam owner
• Or develop new ones; typically weir eqn for HW,
HEC-RAS for TW
• Determine HW and TW elevations that correspond to
the high and low design flows:
HW ft ft165.7 169
TW ft ft158.2 164.1
LOW FLOW HIGH FLOW
HW
TW
note that TW typically
rises faster than HW
8/8/2014
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3. Determine the invert of the entrance and exit
• Assume drop per pool is 2/3 ft for weaker species
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• Assume drop per pool is 2/3 ft for weaker species
• Ensure operation at the lowest water surface condition
Min. flow depth can be 
based on body biological 
or hydraulic criteria





0.67 = 11.3 ≈ 12
8/8/2014
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4. INCORPORATE DESIGN CRITERIA
• Many vertical slot geometries are described 
parametrically.
• b0 is often based upon a biological (width) criterion that is 
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4. INCORPORATE DESIGN CRITERIA
• Many vertical slot geometries are described 
parametrically.
• b0 is often based upon a biological (width) criterion that is 





In the absence of 
species-specific 
performance data, use 
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5. CALCULATE THE FISHWAY DISCHARGE
• Discharge should be calculated for both high and 
low ends of the operating range.
• At high flow, discharge for design #1 is given by:
ܳ ൌ 3.77 ݕ଴ܾ଴ −1.11 ݃ܵ଴ܾ଴
ହ ൌ
where: g is gravitational attraction
S0 is the fishway slope





Q is flow through fishway
y0 is depth of flow through slot
ݕ଴ ൌ ܪܹ െ ݅݊ݒ݁ݎݐ	ܽݐ	݁ݔ݅ݐ ൌ ft
b0 is vertical slot width
ܵ଴ ൌ ܦܮ௉ ൅ ݐ௪ ൌ



















HW at high design flow
HW at low design flow




(ft) y0, depth of flow in pool
y0
the same calculation 
of y0 should be 
completed for HW 
low flow, and both 
conditions at TW
Slope, S0, is the 
hydraulic drop over 
the pool length
actual hydraulic drop:
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5. CALCULATE THE FISHWAY DISCHARGE
• Discharge should be calculated for both high and 
low ends of the operating range.
• At high flow, discharge for design #1 is given by:
ܳ ൌ 3.77 5.31.0 −1.11 ݃ܵ଴ሺ1.0ሻହൌ
where: g is gravitational attraction
S0 is the fishway slope





Q is flow through fishway
y0 is depth of flow through slot
ݕ଴ ൌ 169.0′ െ 163.7′ ൌ ft5.3
b0 is vertical slot width
ܵ଴ ൌ 0.63′10′ ൅ 1′ ൌ ft/ft0.057
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
6. ESTIMATE THE AVERAGE SLOT VELOCITY
• One of the advantages of a vertical slot fishway 
is that velocity is nearly independent of depth
• This allows it to run of large HW fluctuations
• Maximum velocity in the slot is given by:
ݒ௠௔௫ ൌ 2݃ܦ ൌ
where:
* Katopodis (1992) “Introduction to Fishway Design”
Vmax is velocity through slot
D is hydraulic drop
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6. ESTIMATE THE AVERAGE SLOT VELOCITY
• One of the advantages of a vertical slot fishway 
is that velocity is nearly independent of depth
• This allows it to run of large HW fluctuations
• Maximum velocity in the slot is given by:
ݒ௠௔௫ ൌ 2݃0.63 ൌ
where:
* Katopodis (1992) “Introduction to Fishway Design”
ft/s6.4
Vmax is velocity through slot
D is hydraulic drop
g is gravitational attraction
*
while this is a 
maximum velocity, 
velocity won’t vary 
much through water 
column
compare to burst 
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• Verify the power dissipation rate is acceptable
• Power dissipation rate is expressed by the 
“Energy Dissipation Factor” or EDF
ܧܦܨ ൌ ߛܳܦܸ ൌ ft-lbf/s/ft3
where:  is unit wt. of water
D is hydraulic drop
V is volume of pool
8/8/2014
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7. DETERMINE POWER DISSIPATION RATE
DESIGN
EXAMPLE
• Verify the power dissipation rate is acceptable
• Power dissipation rate is expressed by the 
“Energy Dissipation Factor” or EDF
ܧܦܨ ൌ ߛሺ25.6ሻሺ0.63′ሻሺ8ᇱሻሺ10ᇱሻሺ5.3ᇱሻ ൌ ft-lbf/s/ft32.37
where:  is unit wt. of water
D is hydraulic drop
V is volume of pool
compare this 
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8. DISCUSS AND EVALUATE THE DESIGN
• Will a fish ladder of this size fit at the site?
• If the hydrology and dam geometry were different, how 
would design be affected?
• Is the discharge sufficient for a river of this size?  
Will an auxiliary water system (AWS) be required?
• The slot was sized for a large fish (e.g. salmon), but 
does this account for behavioral limitations (e.g., shad)?
• Will the slot velocity prevent weaker species 
(e.g. river herring) from ascending?
• Is the turbulence (EDF) too high for our target species?
If criteria are not met, iteratively 
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Fishway Capacity
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Fishway Capacity…
or Biological Capacity
1. Definitions and Concepts
2. Baffled Chutes
3. Lifts and Pool-type Ladders
Will this fishway meets the population’s need?
2
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Design Population, nT
• Total annual count of fish designed to pass a 
barrier through the fishway. Self-sustaining 
population, restoration target, or other fisheries 
management goal typically used.
Peak Day, nD
• Largest number of fish designed to pass during a 
24-hour period.
Peak Hour, nH
• Largest number of fish designed to pass in a 
1-hour period during the peak day.
3
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Unsafe, Not timely, Not effective!
8
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• Based on research by Slatick (1975), Slatick and Basham 
(1985), Haro et al. (1999), and monitoring studies, the 
Service has estimated capacities of Standard Denil 
ladders and Model A steeppasses.
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• Method based on alosine migration as the 
highest biological loading scenario
• Techniques adapted from Clay (1995)* and 
refined by B. Rizzo (FWS-retired) and other 
Service engineers
• Concept is different than a baffled chute;
necessitates calculations that incorporate:
1. Crowding
2. Pass rate
3. Peak loading estimate
Biological Capacity
of Pool-Type Ladders and Fish Lifts
* C. Clay (1995) “Design of Fishways and Other Fish Facilities”11
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Calculating fishway capacity or 
“How to avoid traffic jams on the river” 12
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13
PopulationVolume Weight Crowding Pass Rate Peak Hour Peak Day
FISHWAY BIOLOGICAL CAPACITY CALCULATION
1. Select or estimate a volume, V, of the component 
(ladder pool, lift holding pool, hopper)
a) For a pool-type fishway this is the volume of water held 
in the pool under normal operating conditions.
b) For a lift holding pool, this is the volume of water (used 
by fish) between the downstream edge of the hopper 
brail (or leading edge of the hopper) and the closed 
mechanical crowder.
c) For a lift hopper, this is the water-retaining volume of 
the bucket.
A closed, V-trap crowder in its un-retracted position 
is 20 feet from the hopper in a 4-foot deep, 8-foot 
wide, lower flume; it’s volume is 640 ft3.
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
14
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PopulationVolume Weight Crowding Pass Rate Peak Hour Peak Day
FISHWAY BIOLOGICAL CAPACITY CALCULATION
15
2. Determine the weight of the target species, wf
a) For the purpose of this calculation, select an appropriate 
“design weight”.
b) An average weight of the species may represent stock in 









By convention, the Service often refers to multi-species 
fishway capacity in terms of an 4-pound “shad equivalent”
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
16
But can be converted, by weight, to 
any other species equivalent…
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Non-Target Species Allowance, Cn
• Multiplier applied to the volume required by fish 
in fishway design; accounts for:
• Biological loading of non-target species
• Off peak loading of other target species
• Unusable volume in pools (e.g., sharp corners)
10% < Cn < 15%
• parameter is typically:
• but should always be 









species 1 is peak load
species 2 off peak
17
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18
PopulationVolume Weight Crowding Pass Rate Peak Hour Peak Day
FISHWAY BIOLOGICAL CAPACITY CALCULATION
3. Assign crowding limit, vc, appropriate for fishway 
component (ladder pool, holding pool, hopper).
• Ladder pools : vc=0.50 ft3/lbf
• Lift holding pools : vc=0.25 ft3/lbf
• Lift hopper : vc=0.10 ft3/lbf
USFWS R5
Criteria
Valid only for lift cycle times of 15 minutes or less.
Compiled July 24, 2014
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19
PopulationVolume Weight Crowding Pass Rate Peak Hour Peak Day
FISHWAY BIOLOGICAL CAPACITY CALCULATION
4. Estimate the pass rate, r, for the fishway
a) For pool-type ladders, the pass rate is the ascend rate, 
an estimate of fish transit time through the pools
• Behavioral, not based on swimming speed
• Assumes optimal conditions in ladder; 
(i.e., ladder not impacted by poor hydraulics, etc.)
b) For lifts, the pass rate is the design cycle time
• Design cycle time not fastest possible operation! 
• Not fast-fishing mode
• Cycle time includes fishing at peak hour, any 
mechanical crowding, and operation of any other 
normal lift component
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
source species r, ascend rate (pools/min)
Bell (1991) general 0.250 - 0.400
Clay (1995) chinook salmon 0.200







Pass Rate of Pool-Type Ladders
20
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r = 1 cycle/15 min.
Cycle Time
Pass Rate of Fish Lifts
USFWS R5 
Recommendation:
For lifts with longer cycle times, the crowding limit for 
hoppers should be increased beyond vc=0.10 ft3/lbf
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
22
PopulationVolume Weight Crowding Pass Rate Peak Hour Peak Day
FISHWAY BIOLOGICAL CAPACITY CALCULATION
5. Estimate the peak hourly loading, nH, 
on the fishway
a) For existing facilities using historical count data
b) For new facilities, the Service approach is to develop 
fish count regression analyses on similar facilities, in 
similar locations, that pass the same target species 
(or a reasonable surrogate fish)
c) In the absence of better data, the follow relationship 
between peak day and peak hour may be used for 
screening-level estimates:
10% < (nH / nD) < 20% 
Compiled July 24, 2014
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23
PopulationVolume Weight Crowding Pass Rate Peak Hour Peak Day
FISHWAY BIOLOGICAL CAPACITY CALCULATION
6. Estimate the peak daily loading, nD
• To facilitate design review, the Service develops 
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24
PopulationVolume Weight Crowding Pass Rate Peak Hour Peak Day
FISHWAY BIOLOGICAL CAPACITY CALCULATION
7. Calculating fishway biological capacity for:
• Pool-type ladders
• Fish lift holding pools
• Fish lift hoppers
ܸ ൌ ݊஽ 1	݄ݎ60	݉݅݊
ݓ௙ݒ௖
ݎ 1 ൅ ܥ௡
݊ு ൌ ܸ 60	݉݅݊1 ݄ݎ
ݎ
ݓ௙ݒ௖ 1 ൅ ܥ௡
eq. (1)
eq. (2)
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Determine the capacity of a 5’ deep, 8’ by 10’ Ice Harbor 
ladder designed to pass American shad.  Assume the impacts 
of coincident runs of other species contribute to a 15% 
non-target species allowance.
Capacity of an 
Ice Harbor Ladder
݊ு ൌ 400݂ݐ3 60	݉݅݊1	݄ݎ
0.250	݉݅݊ିଵ
4	݈ܾ݂ 0.5 ݂ݐ3݈ܾ݂ 115% 	
≅ 2,600݂݅ݏ݄݄ݎ
Assuming the peak hourly loading is approximately 10% of the 
peak daily loading, and (based on regression analyses) the 





8% ൌ 325,000 ݂݅ݏ݄ 25
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Fish Lifts
Brett Towler, Regional Fish Passage Engineer, USFWS
1
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
2
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Fish Lift (or Elevator)
• Along with locks and T&T, 
lifts are non-volitional 
fishways
• In wide use on the east coast 
since 1980s
• Suitable for fish that 
struggle ascending pools or 
are limited energetically or by life history
4
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5
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7
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
8
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Lower Flume (Lower Lift)
• Section of a fish lift that includes the entrance, entrance 
channel, Auxiliary Water System (AWS), crowder and the 
hopper pit; typically invert is 4’ below low TW.
Lift Tower
• Vertical (or sloped) steel structure which serves as the 
elevator lift; provides track for vertical movement of the 
hopper (or bucket) to transport fish from Lower Flume to 
Upper Flume.
Upper Flume (Upper Lift)
• Section of a fish lift that includes the exit, exit flume, 
transfer chute, and typically a counting room; typically at 
grade with HW. 9
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
*most lifts include 90o or 180o turns; 
straight lift shown for illustrative purposes
10
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*floor diffusers (for AWS) are more common 
than side diffusers (shown here)
11
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
*sizing the AWS properly ensures that turbulence 
and air entrainment are minimized
12
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Auxiliary Water System (AWS)
• Typically, ladders don’t discharge enough water 
to compete with false attraction from PH, spillway
• Lifts don’t discharge any flow
• AWS or supplemental flow augments flow 
through the fishway
• AWS can be gravity driven (as shown) or 






Fish Passage Workshop, August 5-6, 2014, Hadley, MA
*velocities through diffusers must be low; 
higher velocities can confuse fish!
14
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*proper attraction has 3 components: location, flow and velocity;
entrance gates are used to accelerate attraction jet
15
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*once fish enter the holding pool, they are 
mechanically crowded above the hopper
16
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*water is directed through the rear diffuser and over 
the hopper to motivate fish to swim upstream
17
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Hopper (or Bucket)
• Water retaining vessel that lifts the fish from the 
lower channel to the upper flume; the size of the 
hopper, a critical element, is based on design 
population
Holding Pool
• Section of lower channel upstream of floor/wall 
diffusers and v-trap; fish are ‘caught’ in the pool 
and crowded above the hopper; size is based on 
design population
18
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*hoppers are sometimes equipped with a brail extension 
for a gentler capture
20
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*at the top of the lift, hopper transfers fish into the exit flume; 
care must be taken to avoid injury here
21
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
*return pipe ‘drains’ the upper flume; in doing so, 
it creates a gentle velocity which motivates fish to move
22
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23
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*as fish exit, they move past a counting window; 
static crowders on floor and wall move fish next to window
24
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*fish exit the system into the HW; trash racks 
(or grizzly racks) should be widely spaced and regularly cleaned
25
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Capacity Considerations 
for Fish Lifts
• Unlike volitional ladders fish movement though lifts 
(and locks, T&T) is based on operator decisions; 






Is lift cycled 
automatically?
Will lift operate when 
counting is affected 
by turbidity?
Is lift operated 
at night?
How was the 
operator trained?
Is lift cycled when 
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Many Moving Parts!
27
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
• Medium to high head dams
• Costs are largely independent of height
• Advantages:
• Suitable for shad and weaker swimmers struggle with 
fish ladders
• Energetic costs are low compared to ladders of 
comparable height
• May be easily integrated into a sorting facility
• Disadvantages:
• Operational challenges
• High maintenance cost due to many moving parts
• Fish are ‘handled’ (potential source of injury)
Fish Lift Applications
28
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Prioritization of Fish Passage 
Projects
Fish Passage Workshop, August 5-6, 2014
Rachael Weiter, Masters Student/Graduate Research Assistant, 
University of Massachusetts Amherst
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Topics
• Reasons for prioritization
• Prioritization at different scales
• Factors considered in prioritizing projects
• Prioritization methods 
• Lessons learned
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What is Prioritization?
• Selecting projects for implementation that 
best meet your goals and criteria





Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Why Prioritize?
• Limited funds are available for restoration
– Justify projects when applying for funds
– Use funds effectively
• Not all barriers are created equal
– Ensure effective habitat restoration by getting 
the worst barriers first
• Inconsistent decisions may harm 
restoration efforts
– Provide clear and consistent recommendations
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Prioritization Scales
StateNation/Region Watershed
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Prioritization Scales
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– National conservation organizations
• Prioritization of barriers across separate 
watersheds
• Requirement for strategic decisions is 
pushing these groups toward a 
watershed-based approach
Fish Passage Workshop, August 5-6, 2014, Hadley, MA





• Consider state-specific priorities
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Prioritization within a Watershed
• Who cares?
– Landowning public agencies
– Watershed protection associations & 
partnerships
• Consider an entire stream network with 
multiple barriers
– Spatial relationships of barriers matter!
• Political boundaries present challenges
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Prioritization Criteria
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Common Factors Considered
• Current available passage
• Project cost
• Available budget
• Location with regard to other projects
• Estimated benefits
– Length and quality of stream made available
– Species affected
– Recreational opportunities and costs
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Additional Items to Consider
• Biological limitations
– Can the organism reach or use the habitat?
• Transportation impacts
– E.g. transportation delays, maintenance needs
• Risk
– Changing stormflows due to climate change
• Other socioeconomic factors
– Stakeholder support & concerns
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Prioritization Methods




Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Scoring and Ranking
• Method
– Barriers are scored based on attributes of 
concern
– Benefit-cost ratios are often used 
• E.g. Habitat gain divided by project costs
– Barriers are ranked by descending score
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Scoring and Ranking
• Benefits
– Simple and straightforward to implement
– Decisions are easy to explain 
• Problems
– Removal decisions are considered 
independently of each other 
• spatial relationships of barriers are not considered
• Not well-suited to a watershed-based 
approach
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
GIS-Based Analysis
• GIS data may be used raw or in the form 
of calculated metrics
• Data and metrics can be used to filter 
projects
• Efforts often result in either
– A ranked list of projects
– Project bins
Results of culvert/bridge replacement scenario analyses for a portion of 
Massachusetts. The darker the circles the greater the improvement in aquatic 
connectedness.  http://www.umasscaps.org/about/applications.html
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GIS-Based Analysis
• Benefits
– Visual representation of results
– Scaling of results is relatively easy
– Easy handling of many data layers
• Weaknesses
– Difficulty accounting for complex spatial 
relationships along the network
– May have heavy knowledge and 
computational requirements
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Optimization Methods
• Systems analysis techniques
• Problem statement is set up with:
– Objective function What do I want? 
– Decision variables What can I change?
– Constraints What is required?
• Solution is an unranked portfolio of barriers 
to be removed
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Optimization Methods
• Benefits
– Ability to account for spatial relationships 
throughout a watershed
– Clearly stated criteria
– Ability to balance multiple and 
often competing goals
• Weaknesses
– Method requires a specialised level of expertise 
– Explanations can be difficult
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Expert Opinion
• Benefits
– Ability to consider factors we rarely model
– Take advantage of personal knowledge
• Weaknesses
– Subjectivity and bias
– Harder to justify to the powers that be 
(funders)
• All model results are subject to final review
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Lessons Learned
• Role of opportunism
– Modeled answers don’t always hold up to reality
• Problem approach
– Know your assumptions
– Prioritizing only one type of barrier may limit 
restoration effectiveness
• Solutions are not always “nested”
– The barriers selected for removal at a lower 
budget level may not be recommended for 
removal at higher budget levels
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Lessons Learned
• Prioritization requires lots of data!
– Barrier characteristics
– Stream and habitat characteristics
– Project cost and budget data
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Prioritization Data
• Common Data Sources
– Barrier inventories
– GIS data 
– Records of previous projects
• Large data gaps exist
– Many efforts are underway to change that
• Project costs and budget
– Research shows that having accurate cost 
data is crucial
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Nature-Like
Fishways
Brett Towler, Regional Fish Passage Engineer, USFWS
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Nature-Like Fishways
“An alternative to structures designed 
only to pass fish, is to design fishways 
that emulate natural rapids.  Such 
designs are not only more likely to pass 
a wider range of species, but also 
provide rapids habitat similar to that lost 




Compiled July 24, 2014
USFWS Fish Passage Workshop 2014 7/22/2014
Nature Like Fishways, B. Towler 2
























Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Nature-Like Fishway 
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Rock Ramp
• Nature-like fishways that simulate conditions of natural 
rapids. Typically ramps run from the crest of the barrier 
(dam) down to grade and spanning the existing 
channel at a slope passable to fish.
5
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Partial Rock Ramp
• Emulates natural rapids from the crest of the barrier 
(dam) down to grade, spanning only a fraction of the 
existing river channel
6
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Bypass
• Consist of meanders a running laterally around a stream 
barrier.  Bypasses are typically selected when passable 
slopes are not achievable in the existing river channel.
7
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Open channel (uniform) flow
• Hydraulic control (and velocities) influenced 
by channel roughness or friction
oBasis of baffled-chute designs
Free overfall flow (i.e., weir flow)
• Hydraulic control (and velocities) influenced 
by a transition from sub to supercritical flow
o Basis of pool-type designs
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9
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
10
step‐pool structure
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11
step‐pool structure
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Fish Passage Workshop, August 5-6, 2014, Hadley, MA
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Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Nature-Like Fishways
• Nature-like not natural!
• Constructed from rock and natural materials
• High gradient, engineered channels
• Advantages
• Aesthetics
• Enhances passage for multiple species
• Upstream and downstream passage
• Disadvantages
• Size, cost, and lack of info on performance
18
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Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Recommendations
1. Requires comparable level of engineering 
to technical fishways
2. High-gradient hydraulically diverse 
structures
• Consider design flows
• Requires close scrutiny to assure water velocities 
allow passage 
• Include fatigue analyses
• 2D or 3D CFD to evaluate design 
• Calibration of CFD difficult; physical model or 
reference site may be necessary
20
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3. Bypasses and partial ramps may be 
susceptible to attraction failure
• e.g., Bunt et al. (2010)
4. Maximum slopes
• 1-3% for roughened channel
• 3-5% for step-pools
Recommendations (continued)
21
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Designing for Aquatic Organism 
Passage (AOP) at Road Stream 
Crossings
Fish Passage Workshop, August 5-6, 2014
Bryan Sojkowski, Regional Fish Passage Engineer, USFWS
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Culvert Types




Closed Bottom Pipe 
Arch
Multiple Cells Sliplined 
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Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Traditional Purpose:
1. Convey surface water to prevent/reduce 
flood damage
2. Protect embankment/roadway
3. Protect traffic and adjacent property
 Typically designed to convey 20-50 year flood (*Flowing Full*)
Background
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Culvert Issues for Fish
1. High velocity
2. Perched condition
3. Outlet pool too shallow
4. Shallow depth
5. Debris accumulation
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 Requires an interdisciplinary approach
Hydraulic Engineering
 Provide adequate drainage
 Protect roads/property/human lives
Biologist/Fish Passage Engineer
 Provide fish passage




Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Solutions: Hydraulic Design
PREMISE - Design a hydraulic structure that allows fish passage during 
specific times/flows.
• Pool & Weir
• Baffles
• Technical Fishway (Steeppass)
DESIGN TYPES:
ISSUES:




• Loss of habitat within the culvert
• Singular flow path
• Remains constriction
• Juvenile passage hindered
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Solutions: Stream Simulation Design
PREMISE  Let the stream be the stream!
 Maintains geomorphic and ecological continuity
3 BASIC DESIGN CONCEPTS
1.  DON’T PINCH THE STREAM (PROPER WIDTH)
2.  SET THE ELEVATION RIGHT
3.  NATURAL STREAMBED
***ALL DESIGN CONCEPTS BASED ON A 
REFERENCE REACH***
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Reference Reach
• Provides a template
• Assists in developing design 
channel 
PURPOSE
Items to think about…
• Has recent flooding occurred?
• Upstream or downstream?
• Must be outside of culvert 
influence
• Similar gradient as design reach
• Types of stream features
• Design control points
• Substrate type
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Design Concept 1.  Bankfull
PROPER WIDTH= 1.2 X Bankfull
• Flows that form and maintain the channel
• Transports more sediment overtime than other discharges
• Typically occurs every 1-3 years
What is Bankfull?





• Long term ecological continuity
Footer
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APPROPRIATE ALIGNMENT
• AVOID BENDS
• ALLEVIATE BANK EROSION
• DO SITE CONSTRAINTS REQUIRE A BRIDGE?
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Design Concept 2.  Elevation
• Allows for natural streambed adjustments
• Identify grade control structures and stability
• Determines footer depth
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Design Concept 3.  Natural Streambed
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
PEBBLE COUNT
• MEASURE SIZE AND OBSERVE ARRANGMENT OF BED MATERIALS
• MINIMUM OF 100 PARTICLES
• MEASURE THE INTERMEDIATE AXIS OF EACH PARTICLE
• WOLMAN PEBBLE COUNT METHOD MOST POPULAR
1.  GRID METHOD 2.  RANDOM STEP-TOE SELECTION
- POINT AND CHOOSE
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Bed Mobility/Stability
 The same flow should mobilize the D84+ particle sizes in 
reference channel and design channel
 Even at 1.2 bankfull, flood flows are constricted
Τ = γ*R*S
Channel boundary 
shear stress > Or <
Critical shear stress 
for D84
Τ84 = γ(G-1)*Τ*D50*D0.384*D0.750
 Ensure stability of large pieces during design flood
 Avoid bed failure!
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Selecting Your Culvert
• Type?
• Size – based on bankfull
• Rise?
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Free board at 
same flow
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Have road fill requirements been met?
1.5 ft 
required
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Final culvert selection must balance:
And don’t forget about budget!
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Small Dam Removal
Fish Passage Workshop, August 5-6, 2014
Jesus J Morales, Fish Passage Engineer, USFWS
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Dam Removal
• Dam removal team
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Fish Passage Engineering Tasks Through 
Permitting
1. Hydrology
2. Survey and other field work
3. Hydraulic analysis
4. Drafting permitting packet
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Technical Elements NOT Discussed Today
• Contaminated sediment
• Physical and legal constraints
• Scour potential at an upstream bridge
• Follow-up work after dam removal (e.g., 
habitat restoration, grade control)
• Construction
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Fish Passage Engineering Tasks Through 
Permitting
1. Hydrology
2. Survey and other field work
3. Hydraulic analysis
4. Drafting permitting packet
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Hydrology: Gauged Site
• Finding a representative bankfull 
discharge at a gauged site 
1. Go to USGS National Water Information System
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Hydrology: Gauged Site
• Finding a representative bankfull 
discharge at a gauged site 
2. Calculate the 1.5 year Recurrence Interval to 
determine bankfull discharge

















Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Hydrology: Ungauged Site
• Finding a representative bankfull 
discharge at an ungauged site 
1. Go to USGS StreamStat
Drainage
Area
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Hydrology: Ungauged Site
• Finding a representative bankfull 
discharge at an ungauged site
2. Use regional curves to determine bankfull 
discharge
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Fish Passage Engineering Tasks Through 
Permitting
1. Hydrology
2. Survey and other field work
3. Hydraulic analysis
4. Drafting permitting packet
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Survey and Other Field Work
• Topographical survey
• Sediment probing (e.g., depth to refusal)
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
• What to look for when surveying
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Survey and Other Field Work
• Identify bankfull indicators in the field
Bankfull width
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
• U/S topographical cross sections need to 
align with sediment boring cross sections
Survey and Other Field Work
U/S cross 
sections
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Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Fish Passage Engineering Tasks Through 
Permitting
1. Hydrology
2. Survey and other field work
3. Hydraulic analysis
4. Drafting permitting packet
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Hydraulic Analysis
• Vertical profile of impoundment 
Example
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Hydraulic Analysis
• HEC-RAS
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Hydraulic Analysis
• HEC-RAS: Pre dam removal cross section
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Hydraulic Analysis
• HEC-RAS: Post dam removal cross section
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Hydraulic Analysis





Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Fish Passage Engineering Tasks Through 
Permitting
1. Hydrology
2. Survey and other field work
3. Hydraulic analysis
4. Drafting permitting packet
Compiled July 24, 2014
USFWS Fish Passage Workshop 2014 7/22/2014
Dam Removal, J. Morales 12
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
• AutoCAD
Drafting Permitting Packet
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Drafting Permitting Packet
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Estimate of total 
sediment volume
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Drafting Permitting Packet
Construction 
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Fish Passage Workshop, August 5-6, 2014
Alex Haro, Research Ecologist
S.O. Conte Anadromous Fish Research Center
U.S. Geological Survey – Ecosystems
Turners Falls, Massachusetts, USA
Fishway Effectiveness: Monitoring
and Evaluation Techniques
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Any use of trade, product, or firm names is for 
descriptive purposes only and does not imply 
endorsement by the USGS or U.S. Government.
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Why Evaluate Fish Passes?
• Confirm hydraulic and biological 
performance of a structure
• Define operational range and characteristics
• Identify and correct problems 
• Gain information for improving structures
• Assess success in meeting passage goals 
and population/ecosystem restoration
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Fish Passage Performance Goals
• Provide upstream and downstream passage 
past barriers
 Maximize passage efficiency
 Minimize delay
 Minimize mortality, injury, and predation
• Exclude exotic/invasive species
• Restore/sustain natural populations and 
genetic diversity
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Evaluation vs. Monitoring
Evaluation:
Verification that a passage structure is designed 
and sited correctly (pre-construction) and also 
performs as designed, both hydraulically and 
biologically (post-construction)
Monitoring:
Long-term measure of performance of passage 
structure; total counts of fish passing
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Pre-Construction Evaluation
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Pre-Construction Evaluation
Existing hydrography and operational flow range
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Pre-Construction Evaluation
Existing fauna and target species
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Pre-Construction Evaluation
Invasive/exotic species?
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Pre-Construction Evaluation
Siting with respect to fish distributions
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Pre-Construction Evaluation
Physical modeling
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Pre-Construction Evaluation
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Fish Passage Workshop, August 5-6, 2014, Hadley, MA
• Model and design verification
• Benchmark hydraulics, 
monumenting, and photographs
• Measurements at low and design 
flows
• Long-term measurements 
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Fish Passage Workshop, August 5-6, 2014, Hadley, MA
• Visual inspection
• Observation of presence 
and behavior of fish
Observation/Capture
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Video study of diel movements of American shad and 
sea lamprey at an Ice Harbor fishway
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Observation/Capture
• Collection
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Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Mark-Recapture




 Passive Integrated Transponder (PIT)
 Advanced
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
External Visual Tags
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Radio Telemetry
• Up to several km range
• Limited depth range
• Freshwater only
• Interference from 
electrical noise
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Acoustic Telemetry
• Range to several 
hundred meters
• High conductivity 
environments
• Acoustic noise 
interference
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Passive Integrated Transponder (PIT) 
Telemetry
• Small, inexpensive tag
• Indefinite tag life
• Limited detection range (sub-meter to several 
meters)
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Advanced Telemetry
• Fine-scale movements and 
behaviors
• Physiology/energetics
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Laboratory Studies
• Controlled experiments 
(mostly)
• Comparative testing of 
designs
• Requires specialized 
facility
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Laboratory studies of engineered 
structures
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Behavioral flume studies
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Physiological Evaluation
• Assessment of injury and 
mortality
• Indicators of stress
• Effects on reproduction and 
survival
Evaluation of injuries & mortality
Tissue sampling
Blood sampling
Compiled July 24, 2014
USFWS Fish Passage Workshop 2014 7/22/2014
Monitoring and Evaluation, A. Haro 15
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Biological Evaluation:
Downstream Passage
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Biological Monitoring
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Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Biological Monitoring
• “Automated” fish counting 
systems
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Data Analysis/Measures of Performance
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Primary Measures of Performance:
• Proportion of fish passing through a structure
• Time required to pass
• Effect of passage on post-passage survival or 
reproduction
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20 fish with telemetry tags 
released far downstream
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Fish Passage Workshop, August 5-6, 2014, Hadley, MA
10 of 20 fish detected by 
tailrace antenna:
10/20 x 100% = 50% presence
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
7 of 10 guided fish detected 
by fishway outfall antenna:
10/20 x 100% = 50% presence
7/10 x 100% = 70% attraction
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5 of 7 attracted fish 
detected by fishway entrance 
antenna:
10/20 x 100% = 50.0% presence
7/10 x 100% = 70.0% attraction
5/7 x 100% = 71.4% attempt
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
4 of 5 entering fish detected 
by fishway entrance 
antenna:
10/20 x 100% = 50.0% presence
7/10 x 100% = 70.0% attraction
5/7 x 100% = 71.4% attempt
4/5 x 100% = 80.0% passage
70.0%*71.4%*80.0% = 40.0% overall passage
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Fish Passage Workshop, August 5-6, 2014, Hadley, MA
• Need to quantify representative sample of 
the population
• Need to monitor passage under all 
conditions, for duration of run
• “Missed” fish, equipment malfunction
• Multiple attempts by individual fish
• “Non-linear” patterns of fishway ascent
Complicating Factors
Fish Passage Workshop, August 5-6, 2014, Hadley, MA






Cost/Effort of Monitoring and Evaluation
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Visual inspection No Low Low Low Low
Collection No Low Moderate Low Moderate
Underwater video No Moderate Moderate Moderate Moderate
Hydroacoustics No Moderate Moderate Moderate Moderate
Mark-Recapture
External visual tag Yes Low Moderate Low Moderate
PIT Telemetry Yes Moderate Moderate High High
Radio Telemetry Yes High Moderate High High
Acoustic Telemetry Yes High Moderate High High
Advanced Telemetry Yes High High High High
Laboratory Studies
Behavior and hydraulics Yes High High High High
Physiological 
Mortality, injury, stress Yes Moderate High High High
Biological Monitoring
Live counting No Low Low Low High
Video counting No Moderate Low Moderate High
Automated counting No Moderate Low Moderate Moderate
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
• Evaluation of structures and fish behavior is a 
critical and valuable component of provision of fish 
passage
• Information gained helps in development of new 
structures, correct application of existing designs, 
and understanding of fish behavior and 
performance
• The true cost of evaluation is minimal:
 <5% of construction cost for a new fishway
 Avoids expensive errors for the next project
Summary
































































Fish Passage Workshop, August 5-6, 2014
Kevin Mulligan, PhD Student / Hydro Research Foundation Fellow 
University of Massachusetts Amherst
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Downstream Guidance Overview
• Importance of Downstream Passage
• Downstream Migrants Approach
• Entrainment, Impingement, Delay
• Guidance Structure Design Considerations
• Types of Guidance Devices
Compiled July 24, 2014
USFWS Fish Passage Workshop 2014 7/22/2014
Downstream Guidance, K. Mulligan 2
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Office of Technology Assessment, 1995
Simulated Effects of Fish Guidance 
Efficiency on a Group of 
Anadromous Fish Passing 10 Dams
Initial Population Size = 100,000
Turbine Mortality = 15% per dam
Bypass Mortality = 5% per dam
Predation Mortality = 5% per dam
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Downstream passage is particularly complex; 
must meet many biological needs and criteria:
• Diverse timing of DS movement
– alosine v. Atlantic salmon
• Size of juveniles
– Salmon smolts v. alewife juvenile
• Life stage of out-migrants
– adult American eel v. juvenile American shad
• Diverse swimming abilities
– Post spawn adult shad v. juvenile shad
• Orientation in water column
– Surface oriented alosines v. shortnose sturgeon
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Biological Design Considerations
• Identify the target species
• Determine the migratory timing and life history stage at 
migration
• Determine the physical limitations on fish passage 
(swimming speeds, fatigue time)
• Identify the environmental attractors and stressors (flow 
volumes, flow velocity, water temperature, seasonal 
timing, flow acceleration, etc.)
• Identify any relevant behavioral characteristics of the 
target species that could affect passage (210-VI-NEH, August 2007)
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Goal is to alter flow in the “Decision” and “Discovery” 
zones to actively guide fish to the entrance structure
Johnson and Dauble, 2006
Approach Zones
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When The Design Goes Awry
• Entrainment
– Fatalities/injuries at 
turbines
• Entertainment occurs when 
aquatic organisms are small 
enough to pass through intake 
screens and end up going 
through the turbine or other 
system (e.g., AWS intake).
• In the absence of better 
information, entrainment is 
regarded as analogous to 
mortality.
• Service preference is to avoid 
entrainment where possible.
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
When The Design Goes Awry
• Entrainment
– Fatalities/injuries at 
turbines
• Impingement
– Fatalities/injuries at 
guidance device
• Impingement occurs when 
aquatic organisms are large 
enough to be impacted on 
intake screens.
• Impingement is influenced by 
fish behavior, fish swimming 
ability, and hydraulics in the 
near-field to the screens.
• Near-field hydraulics (i.e., 
pressure and velocity fields) are 
influenced by the structural steel 
and debris that reduces the 
cross-sectional flow area
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– Fatalities/injuries at 
turbines
• Impingement
– Fatalities/injuries at 
guidance device
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
When The Design Goes Awry
• Entrainment
– Fatalities/injuries at 
turbines
• Impingement






• Delay can significantly impair 
normal behavioral patterns 
and fatigue fish to the point of 
compromising their survival. 
HDR, 
2010
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• Velocity upstream of (and not 
influenced by) the guidance 
device.  
Normal Velocity, Vn
• Component of approach 
velocity perpendicular to the 
screen face
Sweeping Velocity, Vs
• Component of approach 





• Approach velocity / Sweeping Velocity






Guidance Structure Design Considerations
• Approach velocity / Sweeping Velocity
• Guidance structure angle
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Consider an angled screen subject to an 

























































Guidance Structure Design Considerations
• Approach velocity / Sweeping Velocity
• Guidance structure angle
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Fish Passage Workshop, August 5-6, 2014, Hadley, MA
• Approach velocity / Sweeping Velocity
• Guidance structure angle
• Guidance structure % open area / 
configuration












Guidance Structure Design Considerations
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Angled Screens
• Screens are designed to slow velocities and reduce 
entrainment and impingement. 
– Smooth flow transitions, uniform velocities, and 
eddy-free currents just upstream of screens are 
desirable. 
– Adequate mesh size must be provided to create a 
low flow velocity that enables fish to swim away from 
the screen. 
• Service criteria calls for 45 degree (maximum) screens
• ensures Vs > Vn
• encourages fish to seek their own escape route
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Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Screen Depth
• pelagic fish commonly approach screens near 
the upper levels of the water column
• full depth screens are preferred, but partial 
depth (e.g., floating screens) ok for alosa, 
salmonids
• full depth recommended for eel, sturgeon and 
other bottom-oriented fish.
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Louvers
• As fish approach louvers, the 
turbulence that is created by the 
system causes them to move laterally 
away from it toward a bypass. 
• Small angle (e.g., 15 o)
• Large sweeping velocities
• Uncommon
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Approach Velocity vs Swim Speed
(Bates and Vinsonhaler)
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Full Depth Louver
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
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Angled Bar Rack vs. Louver
EPRI, 2001
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Angled Bar Rack
• One of the most frequently prescribed fish protection 
systems for hydropower projects, particularly in the 
northeastern United States
• 45-degree angle to flow, lower sweeping velocities than 
a louver, higher normal velocities
• Typically bar racks with sufficiently tight spacing to 
prevent entrainment
• Bar spacing may exclude one species while only 
serving as a behavioral barrier to others
USFWS R5
Criteria
1” for Atlantic salmon smolts
¾” for adult American eels 
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Louver and Angled Bar Rack Efficiency
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Partial-Depth Guidance Walls
• The FGS is 
composed of a 
series of floating 
panels anchored 
across the channel 
• The FGS works 
with the fish’s 




migration.    Scott, 2011
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• Depth of Guidance 
Wall, d
(5 to 20 ft by 5 ft)
• Angle of Guidance 
Wall, θ
(25 to 45° by 10°)
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
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The drag force on a still object in 
a flowing fluid is a function of the 
following: ?? ? ??????
?
The total work induced by the drag 
force is the drag force multiplied 
by the length the force is applied.
When applied to a fish swimming 
through water without detailed 
data, uncertainties grow (swim 
path, orientation, drag coefficient)
Use velocity squared to say 
something about relative 
changes in work a fish would 
exert swimming at different 
elevations










1. Define starting point (X,Y,Z ) 
where Z = top of water 
surface and X,Y is location 
far from bypass
4.   Take integral – Result is Work Indicator 
(WI) for specific guidance configuration 
and flow path depth
2.   Compute streamline from 
starting point
3.   Plot Velocity2 along streamline
5.   Vary Z from top of water surface to 
















Can also use to look at components 
of velocity (x,y, and z)
Bottom of 
Guidance Wall
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Results of varying 
the guidance wall 
depth and angle for 
a specified flow rate
Takeaways
• Peak occurs at 
bottom of Guidance 
Wall
• Downward Flow 
Component is 
largest near bottom
• 5 foot rule?
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Behavioral Barriers
• Device, structure or operation that requires response, 
or reaction (volitional taxis) on the part of the fish to 
avoid entrainment.




• Bar spacing may exclude one species while only 
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Downstream
Bypasses
Brett Towler, Regional Fish Passage Engineer, USFWS




3. “Uniform Acceleration Weir”
4. Plunge Pools
2
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Fish Passage Workshop, August 5-6, 2014, Hadley, MA
unit intakes create an 
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unit intakes create an 
approach velocity in 
the canal
bypass provides an 
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Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Bypasses
• Provide an alternate route 
through the power station by 
“bypassing” the hazards of turbine 
entrainment
• Project may have one or multiple bypasses 
working in conjunction with a guidance 
system
• Bypass controls the amount of flow 
through the DS fishway (and influences 
attraction velocities) 8
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Bypasses
• Bypass may be pumps, siphons, pipe 
inlets, channels or weir (most common)
• Bypasses are often installed in existing log 
sluices or flood gates
• Can be permanent or seasonally installed
• Guidance/bypass combination can be 
challenging at sites with unusual site layout
9
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
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surface bypass facilities
11
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
surface bypass facilities
12
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multiple surface entrances
13
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
surface and low‐level entrances
14
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Attraction to Downstream Fishways
• As with upstream fishways, attraction 
has 3 important design elements:
Where is the bypass?
How much discharge?
What is the strength of
the “hydraulic signal”
15
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Downstream Attraction Flow
• Downstream bypass flow must be discernable in 
the presence of unit intakes (a competing flow) 
• Service criteria calls for DS bypasses to discharge:
minimum of 4% to 5% of 
station hydraulic capacity 
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Downstream Attraction Flow
• Bypasses weirs are the most common; flow is 
calculated by the well-known weir equation:
• Discharge coefficient C varies (2 < C < 5) 





Fish Passage Workshop, August 5-6, 2014, Hadley, MA
18
Compiled July 24, 2014
USFWS Fish Passage Workshop 7/22/2014
Downstream Bypasses, B. Towler 10
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Downstream Attraction Velocity
• Velocity considerations beyond the current 
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flow
 over sharp crested w
eir
21
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
“Uniform Acceleration Weir” 
NU – Alden Weir
front side (cut‐away)
22
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“Uniform Acceleration Weir” 
NU – Alden Weir
side (cut‐away)
23
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Fish Passage Workshop, August 5-6, 2014, Hadley, MA
26
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“Uniform Acceleration Weir” 
NU – Alden Weir
27
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Transport or Conveyance Pipe
28
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Plunge pool and receiving waters
29
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Fish Passage Workshop, August 5-6, 2014, Hadley, MA
• Adequate depth in receiving waters to minimize 
injuries to fish exiting D/S bypass outlet
• Plunge pool depth 4 feet 
or 25% of fall height 
(whichever is larger)
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Spill, Entrainment, 
and Guidance Efficiency
Fish Passage Workshop, August 5-6, 2014
Ritchie Graves – Chief, Columbia Hydropower Branch 
NOAA Fisheries – West Coast Region
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Overview
• Background information
• Definitions of common metrics relating to spill 
and fish passage
• Factors that influence fish passage through 
spillways
• Examples of Spill Efficiency / Effectiveness
• Adult Fallback
• New Developments in Monitoring 
Technologies
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Background – Columbia River Basin
• Columbia River Basin
– 13 Mainstem Dams 
with fish passage
– 8 Corps of Engineers
– 5 Public Utility District
• ESA Listed Salmonids
– Since 1991
– 13 “Evolutionarily 
Significant Units” are 
listed
– 5 ESUs are not listed
Courtesy of Northwest Power and Conservation Council
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Background – Routes of Passage
Courtesy of Corps of Engineers, Walla Walla District
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Background – Why Spill?
• Increase Survival Through the Dam
– (Spill > Bypass > Turbine)
• Reduce Migration Delays
– (from many hours to a few hours)
– Increases Survival in the Forebay or Tailrace 
resulting from predatory fish or birds
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Definitions of Common Metrics
• Spill Efficiency:
– The total number of fish passing the spillway 
divided by the total number passing the dam
– Example:
50 fish passing via spillway / 100 fish passing 
dam = 50% Spill Efficiency
Compiled July 24, 2014
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Definitions of Common Metrics
• Spill Effectiveness:
– The proportion of fish passing the spillway 
divided by the proportion of water spilled
– Example:
50% of the fish passing via the spillway / 25% 
of the water spilled = 2.00 spill effectiveness
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Definitions of Common Metrics
• Fish Guidance Efficiency:
– The number of fish guided into a bypass 
system / total number passing the powerhouse
– Example:
25 fish guided into a juvenile bypass system / 50 
fish passing the dam via the powerhouse = 50% 
Fish Guidance Efficiency
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Definitions of Common Metrics
• Fish Passage Efficiency:
– The number of fish passing the dam via non-
turbine routes (spill, bypass systems, etc.) / 
total number of fish passing the dam
– Example:
(50 fish passed via the spillway + 25 fish passed 
via the juvenile bypass system) / 100 fish 
passing the dam = 75% Fish Passage Efficiency
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Factors That Influence 
Fish Passage Through Spillways
• Project Footprint                                          
/ Spillway Location
Wells Dam:
The only “hydrocombine” 
structure on the 
Columbia River
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Rocky Reach Dam, Chelan PUD
Bonneville Dam, USACE Digital Visual Library
The Dalles Dam, USACE Digital Visual Library
Examples of Project Footprints and Spillway Locations
Little Goose Dam, USACE Digital Visual Library
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Factors That Influence 
Fish Passage Through Spillways
• Bathymetry 
(water velocity, flow vectors, and behavior)
Source: Rakowski et al. 2006 – Forebay Computionatal Fluid Dynamics Modeling for The Dalles Dam…
Compiled July 24, 2014
USFWS Fish Passage Workshop 2014 7/22/2014
Spill, Entrain. & Guidance Eff., R. Graves 7
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Factors That Influence 
Fish Passage Through Spillways
• Location of Nearby Tributaries
NOAA Office of Coast Survey Website
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Factors That Influence 
Fish Passage Through Spillways
• Depth of Spillway Gate Openings
• Flow Net and Water Acceleration
Courtesy: Corps of Engineers, Northwest Division
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Factors That Influence 
Fish Passage Through Spillways
• FISH BEHAVIOR!
– Species
– Age / Size (life history stage)
– Time of Year / Day
– Dam Operations (Powerhouse-Spill Levels)
– Environmental Factors
• Flow increases / decreases
• Turbidity
• Temperature
• Rearing Conditions / Food Web Interactions
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Example of Spill Efficiency / Effectiveness
Example 1: Little Goose
Spill Passage Efficiency = sigmoidal
Spill Effectiveness 
at 30% Spill
1.8 at 150 k
2.1 at 100 k
2.4 at   50 k
Source: NWFSC unpublished data
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Example of Spill Efficiency / Effectiveness
Example 2: Rocky Reach
Spill Effectiveness < 1.0
Spillway located upstream of 
the powerhouse
Juvenile Sockeye: at 14.4% spill, 1.7% passed via spill      
(Spill Effectiveness = 0.1)1 (NOTE: 43% used the corner collector)
Juvenile spring Chinook and steelhead: At 15% spill, between 
8% and 19% passed via spill (Spill Effectiveness = 0.5 to 1.2) 2
(NOTE: Passage efficiency of 6,000 cfs corner collector was 43% for yearling 
Chinook and 51% for steelhead smolts in 2003)3
Sources: 1) Skalski et al. 2009. NAJFM; 2) NMFS – FEIS for Anadromous Fish Agreements and 
Habitat Conservation Plans, Dec. 2002; 3) Stevenson et al. 2004. Report to Chelan PUD.
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Example of Spill Efficiency / Effectiveness
Example 3: Bonneville 
Spill Effectiveness = 1.0
“Decision Point”
Fish move in proportion to 
flow into the BO1, BO2, or 
Spillway Channels
Thus, spillway passage is 
generally proportional to 
spillway flow.
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Examples of Spill Efficiency / Effectiveness
Example 4: Wells 
High Spill Effectiveness
Special Case – Hydro Combine
Spills up to 11% of flow through the spillway “bypass”
Juvenile Passage is 92-96%
Spill Effectiveness = >8.4
Source: NMFS – FEIS for Anadromous Fish Agreements and Habitat Conservation Plans, Dec. 2002.
Fish Passage Workshop, August 5-6, 2014, Hadley, MA




Turbine passage 4% 
 
Surface weir passage 44% 
 
Spillway passage 21% 
  
 






Spillway survival  95% 
 
Surface weir survival  100% 
 
Bypass survival  99% 
  







Oldenburg et al. 
2012 Report- PNNL 
Overall dam survival: 
98.2% (±0.8%) 
 
BiOp Performance Standard: 
96% 
Actual spill operation:
32% of river flow 24 hours/day
Spill rates of 30% to 50% are common at  
Federal dams in the Columbia River Basin 
to provide safe and effective passage 
during the juvenile migration season    
(April to August)
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• Flow, Temperature, Turbidity, etc.
– Dam Operations
• Spill levels, powerhouse operations
– Fish Behavior
• “Overshooting” tributaries or hatcheries
• Confusion at projects (orientation to banks)
• Behavioral response to high temperatures





– Passage Delay / Energy Expenditure
– Predation Risk
– Count Bias
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Adult Fallback
Example: University of Idaho 
Radio-Telemetry Study 
(1996-99 and 2000-03; >18,000 
salmon & steelhead)
– Fallback vs Flow significantly 
correlated at most dams
– 20% of these were unaccounted 
for at tributaries, hatcheries, or 
fisheries
– Fallbacks were significantly less 
likely to reach spawning areas 
than were non-fallback fish




and Overshoot Estimates 
at Bonneville, The Dalles, 
John Day, and McNary
Dams
• Overshoot rates 
increased at upstream 
dams (more tributaries 
to overshoot).
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Adult Fallback
• Example: Fallback and Reascention 
rates at Bonneville Dam vs spillway flow 
(‘06-’11 PIT data)
Increased spill levels 
resulted in increased 
fallback-reascention rates, 
mostly because of BO1 
Powerhouse
Result: Management decision to 
prioritize BO2 Powerhouse 
‘04-’11 PIT data




• Numbers of California 
sea lions increased in 
the early 2000s
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New Developments in 
Monitoring Technology!
PIT tag detectors
• Spillway Detector at Lower Granite (2015)
• Estuary “Pile Dike” Detectors (New design being tested)
• Increasing numbers and read ranges for “flat plate” 
tributary detectors
Courtesy of BioMarkCourtesy of Sandra Downing, NWFSC Courtesy of NOAA Fisheries
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
New Developments in 
Monitoring Technology!
Injectable Acoustic Tags
• Reduced Tag Effects
• Ability to Tag Smaller Fish
• (2014 Testing by Pacific 
Northwest National Laboratory)
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Fish Passage Workshop, August 5-6, 2014
Alex Haro, Research Ecologist
S.O. Conte Anadromous Fish Research Center
U.S. Geological Survey – Ecosystems
Turners Falls, Massachusetts, USA
Eel Passage: Eel Ramps & 
Downstream Protection 
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dams, loss of 
habitat?
Not all eels enter 
freshwater
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Fish Passage Workshop, August 5-6, 2014, Hadley, MA
• demersal, moderate swimmers (strong sprint swimming); 
nonschooling but aggregating
• panmictic, presumably no river-specific populations (no homing 
to natal stream)
• able to jump (limited); can climb wet surfaces & passed by 
some technical fishways
• ascend structures during day or night, but primarily at night
• Upstream migration spring through fall; for several years after 
entering freshwater
• fall (and spring?) movements of silver phase; primarily during 
rain events/high flows
Eel Migratory Biology
Compiled July 24, 2014
USFWS Fish Passage Workshop 2014 7/22/2014
Eel Ramps and DS Protection, A. Haro 4












Compiled July 24, 2014
USFWS Fish Passage Workshop 2014 7/22/2014
Eel Ramps and DS Protection, A. Haro 5
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Upstream eel passes
• Simple, cheap to 
construct
• Can be highly effective
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Ramp design to accommodate fluctuation in 
headpond levels
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Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Eel Pass - Roanoke Rapids Dam
Roanoke River, North Carolina
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
ABS substrate; FISH-PASS, 
France
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Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Low-head dams (<3 m height): 
• Roughening of existing climbing surfaces
• “Delaware” type pass
• Ramp pass – appropriate substrate, slope, 
siting
Medium-head dams (3-5 m height): 
• Ramp pass with or without (full dam 
height) trap
• Closed conduit pass?
High-head dams (>5 m height): 
• Short ramp pass with trap
• Lift (specialized for eels)
Criteria for Eel Upstream Passage Structures
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Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Downstream 
Passage
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Metamorphosis from territorial, benthic predator 
to pelagic, riverine and oceanic migrant 
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Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Silver eel weir at Sebois 
Stream, Maine
Commercial weir data form the basis of our 
knowledge about downstream migration timing
Fish Passage Workshop, August 5-6, 2014, Hadley, MA


































4000 1992 1993 1994
1995 1996 1997
Aug Sep Oct Aug Sep Oct Aug Sep Oct
Aug Sep Oct Aug Sep Oct Aug Sep Oct
= rain event
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vary in different 
parts of a 
watershed
Haro 2003
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
median date
peak
range of entire 
migration period
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Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Other Aspects of General Downstream 
Migratory Behaviors
• Movements primarily at night
• Occupy all depths during migration
• Selective tidal stream transport in tidal reaches
• Tend to follow dominant flows
• Reactive to some visual, chemical, and sound 
stimuli
• Environmental conditions can suspend or 
terminate downstream migration
Fish Passage Workshop, August 5-6, 2014, Hadley, MA Date
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no or few migrants
High flow, 
many migrants
Moderate flow, few 
migrants
?
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Eel #2002-5(2:4)




Attempt 1 of 1
2 min
Eel #2002-18
Attempt 1 of 2 
116 min
3D Tracks of telemetered 
eels; Cabot Station, 
Connecticut River, MA
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Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Physical Barriers
• Screens/overlays/bar 
racks with narrow 
spacing
+ can be effective
- debris & operational 
problems; head loss; 
can be expensive
Options for Eel Downstream Passage 
Mitigation




Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Response to narrow-spaced bar racks and screens
Eel passing through 20 mm bar 
rack at 0.5 m/sec approach 
velocity (Arbeitsgemeinscaft
Gewaessersanierung 1998)
Complete exclusion of eels by 
wedgewire screen at 1 m/sec 
approach velocity
(Adam 1999)
Compiled July 24, 2014
USFWS Fish Passage Workshop 2014 7/22/2014
Eel Ramps and DS Protection, A. Haro 14
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Behavioral Barriers
• Light, sound, bubble 
screens:




Options for Eel Downstream Passage 
Mitigation
Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Avoidance of experimental light array platform at 
Iroquois Dam, St. Lawrence River
Compiled July 24, 2014
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Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Operational Alternatives (“project shutdown”)
+ Can be effective
- “Economically unpopular”
Fish-Friendly Turbines
+ Can be effective
- Expensive, technically challenging; not 
ready for prime time
Trap & Transport
+ Can be effective on small scale
- Labor intensive; not practical at larger scale
More Options:
Compiled July 24, 2014
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Fish Passage Workshop, August 5-6, 2014, Hadley, MA
Additional complications:
• Eels excluded from an intake still need to find a safe route for 
passage
• Spill mortality?
• Ability to find/pass a bypass?
• Resultant delays in migration (days to weeks)
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Over 75,000 dams are listed in the National Inventory of 
Dams for the United States. These and other man-made 
barriers fragment riverine and stream habitats that can 
impact and limit the persistence of fish populations and 
lead to local extinctions. Research on fish passage with its 
associated biological and engineering disciplines is an 
essential component to the successful restoration of 
migratory fish populations and their ecosystems. These 
populations include anadromous (spawning in freshwater), 
catadromous (spawning at sea) and riverine fish species.  
The Leetown Science Center’s Silvio O. Conte 
Anadromous Fish Research Laboratory (CAFRL) was 
established in 1991 to conduct applied and basic scientific 
studies on migratory fish populations. The fish passage 
component of research at the Lab was initially focused on 
evaluation of fishways (“fish ladders”) in a controlled 
laboratory setting, with an emphasis on engineered 
structures. CAFRL has expanded this research to include: 
 
Large-scale, long-term, basic science projects with a 
strong applied component 
 
Multidisciplinary and watershed-scale studies 
 
Technical support to both government agencies and 
private organizations 
The Leetown Science Center’s S.O. Conte 
Anadromous Fish Research Laboratory 
conducts basic and applied scientific studies 
of fish passage and migration to define 
underlying principles and relationships of 
fish behavior and hydraulics, and to develop 
integrated, predictive research that can be 
applied to a wide range of fish passage 
problems  
Below: Ice Harbor technical fishway on the Connecticut River, 
evaluated by CAFRL for passage of Atlantic salmon and 
American shad  
Right: Dams can 
create serious 
barriers to fish 
migrations, and 
can incur delays, 
injury, and mor-
tality 
Above: some anadromous and catadromous fishes of  eastern 
North America that require fish passage 
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 Basic Science Projects With 
Applied Components 
 
Hydraulic and biological evaluation of conventional 
and new technical fishways  Anadromous fish are important 
interjurisdictional species targeted for conservation efforts by 
state and federal agencies along the US Atlantic coast.  Previous 
evaluations have shown that many fishway designs suitable for 
anadromous salmonids like Atlantic salmon are less suitable for 
upstream passage of other weaker swimming species such as sea 
lamprey or sturgeon.  CAFRL researchers examine the 
development and performance of existing fishway designs, and 
test and evaluate new and innovative upstream passage 
structures, including low head dam notches and high-slope 
technical fishways.  
 
For example, many sturgeons are threatened worldwide by 
dams, but the development of fish passage for these species has 
been slow.  Research on juvenile behavior of North American 
sturgeons at CAFRL led to the development of a prototype 
spiral side-baffle fish ladder that passes adult sturgeon as well as 
a diverse array of other 
fish species with modest 
swimming abilities.  This 
design could contribute 
greatly to worldwide 
conservation and passage 
of sturgeons and other 
migratory fish.  
Moreover,  the small 
footprint and modular 
construction of the spiral 
side-baffle design are 
great potential cost 




Laboratory and field evaluation of nature-like 
fishways  Current designs of nature-like fishway structures use 
natural substrates (rocks, boulders), engineered to effectively 
dissipate flow energy.  These designs have wide application and 
are particularly well suited for low-head dams (<5 m in height) 
that otherwise are not suitable for removal. Nature-like fishways 
can be constructed at low head dams or as part of a dam removal 
to completely eliminate physical or hydraulic passage barriers 
and restore river continuity.  However, only limited assessment 
of these fishways has been performed to determine both species 
use and performance (passage efficiency), particularly under 
controlled conditions.  Few data are available on the effects of 
slope and flow on the hydraulic characteristics of natural 
fishways or the relative suitability of these designs for migrant 
fishes, particularly riverine resident species found throughout 
much of the US.  Data generated from this project allows 
agencies to provide defensible nature-like fishway designs and 
gives construction and operation guidance to dam owners.  
Research may also lead to potential increases in usable design 
slopes resulting in significant reductions in overall length of 
natural fishways where space and/or construction costs are 
limiting factors. 
Investigation of migratory behaviors and passage 
technologies for freshwater eels  Due to coastwide declines 
of eel recruitment in recent years, concern has been raised about 
the impacts of hydroelectric projects and other barriers on 
migrating juvenile and adult eels in both the US and Canada.  
Conte scientists evaluate existing upstream eel pass structures 
and develop new low-cost prototype structures for juvenile eels 
at large and small dams. The project also involves evaluation 
and development of downstream passage technologies for adult 
silver-phase eels, to assess how eels utilize existing and new  
guidance and bypass structures in hydroelectric forebay 
environments.  These studies employ advanced radio and 
acoustic telemetry 
to quantify and 
evaluate complex 
migratory and  
passage behaviors 












rock weir and 
perturbation 
boulder nature-
like fishways at 
CAFRL  
Right: Track of an 
adult downstream 
migrant eel in a 
hydroelectric 
forebay as 
determined by  3-D 
acoustic telemetry 
in a CAFRL study 
Left: Adult sturgeon 
ascending spiral side-baffle 
fishway at CAFRL 
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Evaluation of hydraulics on behavior and swimming 
performance of upstream migrant fishes   Resource 
agencies and the hydroelectric power generation community are 
actively looking for predictive methods to reduce the adverse 
effects that dams, hydroelectric generation projects, and 
associated fish passage structures have on migratory fishes. 
Hydraulic factors such as flow, water velocity, and turbulence 
influence the behavior and swimming performance of upstream 
migrant fishes.  Other factors such as shear stress, turbulence, 
cavitation, and pressure fluctuation can also damage fish that 
pass through turbines, over spillways, bypass structures, and 
under spill gates and other structures. Understanding the effect 
these factors have on fish swimming performance, injury, and 
survival is essential, and important in establishing engineering 
and biological design criteria that will assist in predicting and 
minimizing their effects and impacts on migratory fishes. 
 
Bypass systems to protect downstream migrant 
sturgeons at dams  Protection of bottom-migrating fishes like 
sturgeons from turbine entrainment is of growing concern to 
fisheries agencies worldwide.  Conte scientists are conducting 
research to develop a bypass system for these fishes using North 
American sturgeons 
as the model.  Tests 
with different bar-
rack structures and 
water flow 
configurations are 
conducted in the 
CAFRL flume to understand fish behavior in relation to the near
-field environment.  Fish behavior, guidance, and passage 
success are monitored to identify the best configuration of bar-




Behavior and migration by early life stages of North 
American sturgeons  Information on innate downstream 
migrations (timing, duration, distance, etc.) of sturgeon early life 
stages is critical for agencies to protect and manage populations 
that spawn upstream of dams.  Conte scientists and colleagues in 
China and Romania are conducting studies in artificial streams 
that focus on understanding migrations by young sturgeons 
worldwide.  
 
Effects of dams and fish ladders on survival, stress and 
development of anadromous fishes  To complete their life 
cycle, anadromous fish like Atlantic salmon must make the 
arduous journey upriver for spawning.  This upstream migration 
against river flow is inherently difficult and energetically costly, 
and can be made more challenging when fish are faced with fish 
ladders, fish lifts and other alterations in the normal flow 
regime.  Using a combination of behavioral and physiological 
monitoring, Conte scientists have developed methods to assess 
the effect of fish ladders on energetics, stress, and reproductive 
preparedness of migrating adults.  This approach can be used to 
determine the ultimate reproductive and population impacts of 
dams, fish ladders 






Downstream migration of juvenile Atlantic salmon  
Atlantic salmon were extirpated from southern New England in 
the 1800’s, and remaining populations in Maine were listed as 
endangered in 2000.  Restoration efforts include stocking of 
Atlantic salmon as fry (when they would normally emerge from 
gravel) and as downstream migrating smolts.  Knowledge of the 
timing of downstream migration of fry-stocked and smolt-
stocked fish, and an understanding of the factors that limit their 
survival during downstream migration is critical to current 
restoration efforts.  Conte scientists have used telemetry 
(passive integrated transponders and acoustic tags) to monitor 
behavior, and physiological assessments to monitor the fishes 
capacity to enter seawater.  Important interactions among the 
effects of dams, flow and temperature on downstream migration 
and survival of emigrating juvenile salmon have been identified 
from this research. 
Left: Installation of 
experimental angled 
bar rack and deep 
bypass entrance in 
CAFRL flume facility.  
Underwater video 
cameras and telemetry 
antennas record 
behaviors of fish near 
the rack 
Technical Transfer and Support 
at CAFRL 
 
Conte staff have provide considerable technical transfer 
assistance to managers and other researchers, 
particularly in the following areas: 
 
Telemetry technology, including use and data 
analysis of passive integrated transponder (PIT) tag 
antenna technology for assessing passage at stream 
and river barriers 
Quantitative evaluation of performance of fishways 
and other passage structures, in lab and field 
Advanced statistical analysis of passage and 
migration data 
Applied hydraulics and bioengineered structures 
Hydraulic instrumentation and measurement 
Right: 50 hp flow 
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S. O. Conte Anadromous Fish Research Laboratory 
U. S. Geological Survey, Biological Resources Discipline 
1 Migratory Way, P.O. Box 796 
Turners Falls, MA  01376 
voice: (413) 863-8300 
fax: (413) 863-9810 
 
Evaluation of fragmentation effects on stream networks  
Road crossings over upland streams have created thousands of 
culverts, bridges and small dams in many watersheds, and have 
the potential to result in significant habitat fragmentation. This 
project uses a combination of long-term-focused 
study sites, culvert evaluations, and genetic information to 
quantify the effects of habitat fragmentation on stream networks. 
Results indicate that stream fragmentation can have significant 
effects on population persistence of stream fish and that even 
very small first- and second-order streams make 
important contributions to population persistence. 
Applications of genetic tools will also be used to 
monitor the outcome of restoring fish passage and 
reconnected fragmented populations 
 
Watershed-scale assessment of Atlantic 
salmon smolt production  Millions of Atlantic 
salmon fry are stocked into tributaries of the 
northeastern US each year in an effort to restore  
salmon populations, but it is not known to what 
extent different tributaries contribute to smolt and 
adult return production. In collaboration with 
hatchery managers, this project is using genetic 
information from the hatchery broodstock to 
determine stocking location (tributary) of 
outmigrating smolts and returning adults in the 
Connecticut River. Results will indicate the 
relative fish production of tributaries and will help 
identify how various controlling factors (e.g. 
stream flow, temperature regimes, and dams) 
influence production. 
 
Effects of Contaminants Relative to Dam Removal and 
Dredging  CAFRL's Maine Field Office (MFO) conducts 
evaluations of the release of organic and metal contaminants 
during sediment resuspension events as might accompany fish 
passage-related dam removals, and river-bed/harbor dredging. 
The effects of these contaminants on fish embryo and larval 
survival, immune function and behavior can be significant, and 
MFO is developing non-lethal biomarkers for the detection of 
contaminant exposure in both migratory (e.g. Atlantic salmon) 
and resident fish species. MFO 
currently conducts identification 
and monitoring of contaminants in 
resident fish species in the 
Penobscot River (Maine) to 
evaluate contaminant 
redistribution in the river, both 
upstream and downstream, before 









Right: Trap sampling of pre-dam 
removal fishes from the Penobscot  
 
Hydraulics/Engineering 
38 m long open channel flume facility with 5 m 
working depth; two 3 m width, one 6 m width; 
maximum 10 m3/sec (350 cfs) flow 
120 m2 (1300 ft2) hydraulic lab with 0.3 m3/sec 
(10 cfs) maximum flow 
1-, 2-, and 3-D velocity measurement 
instrumentation, including acoustic Doppler and 
laser particle image velocimetry 
Flow, pressure and level instrumentation 
Analog and digital real-time data acquisition 
Extensive model fabrication and instrumentation 
Hydraulic and civil engineering expertise 
 
Fish Passage Evaluation 
Advanced telemetry instrumentation (radio, 
acoustic, PIT; 3-D acoustic telemetry) 
High speed (1000 frames/sec), low-light, and infrared video 
 
Behavior 
Data logging and mobile (boat) tracking telemetry 
Advanced hydroacoustic survey equipment 
Controlled laboratory tanks for behavioral studies 
 
Physiology 
Large swimming respirometer capable of determining maximum 
fish swim speed and migration energetics  
Enzyme- and radioimmunoassay for the determination of growth, 
reproduction, osmoregulation, and stress-response hormones 
Protein biochemistry and fluorescent immunocytochemistry for 




Field studies focused on individually-identifiable fish 
Analysis and interpretation of ecological data 




DNA extraction, purification, fragment analysis and sequencing 
Polymerase chain reaction (PCR) analysis 
Data analysis, interpretation, and software development 
 
Contaminants 
Measurement of regulation and induction of contaminant-sensitive 
biomarker genes (e.g. cytochrome P4501A) using enzymatic and 
molecular techniques. 
Organic contaminant analysis (pesticides, polychlorinated 
biphenyls, polynuclear aromatic hydrocarbons) in water, sediment 
and tissue samples. 
Assessment of immune function in fish using pathogen challenge 
experiments  
Above: culverts block fish 
migration and fragment 
thousands of kilometers of 
stream habitat 
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Directions from the USFWS Regional Office to the  
S.O. Conte Anadromous Fish Research Center 
1. At the intersection of Route 9 and Route 116, head north onto MA-116.  Follow Route 116 
for approximately 10 miles through Hadley, Amherst and Sunderland. 
2. In Deerfield, turn right onto State Rd / US-5 N / MA-116 / MA-10.  Follow US-5 N / MA-10 for 
approximately 7 miles. 
3. Immediately after crossing the bridge over the Deerfield River, turn right onto Cheapside 
Street.   
4. Follow Cheapside Street, which becomes Montague City Road, over the bridge into Turners 
Falls for 3 miles. 
5. Turn left onto 11th Street. 
6. After crossing the power canal, take the first left onto G Street. 
7. Follow G Street, which becomes Migratory Way, for approximately 1 mile.  The S.O. Conte 
Anadromous Fish Research Center is on the right. 
Conte Lab
USFWS 
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U.S. Fish and Wildlife Service 
Fish Passage Workshop 2014 
Hadley, MA 
August 5-6, 2014 
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Adult and Juvenile Fish
Importance of cruising, sustained
darting swimming speeds to
fish facility structures.
Amount of energy loss in transfer
of muscular energy to propulsion.
Forces working against fish
movement
Effects of exhaustive exercise.
Ratio of sustained speed to darting
speed and cruising speed to
darting speed.
Attractive velocities at obstructions
and fishways.
Effects of velocity gradients.
Method of determining the time
fish can maintain various speeds.
Velocities to be used in designing
upstream facilities.
Pulsing velocities and turbulence
effects.
Swimming speeds affected by oxygen
and other functions of fish.
Effect of temperature on
swimming effort.
Visual reference and effect of
darkness and light
Pollution effects.
A. Relative Swimming Speeds
of Adult Fish.
B. Relative Swimming Speeds
of Young Fish.
C. Relative Swimming Speeds
(Mackenzie River and Alaska data).
D. Swimming Speed of Sockeye Fry
at Chilko Lake.
E. Maximum Sustained Cruising of
Sockeye and Coho Underyearlings
in Relation to Temperature.
References Reviewed.
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SWIMMING SPEEDS OF ADULT AND JUVENILE FISH
In the developmuent of fish facility structures, three as- V =vr/ig
pecta ot swimming speeds are of concer.
1. Cruising - a speed that can be maintained for long where V = initialvelocity in feet per second (at waterperiods of time (hours). surface)g = gravity (32.2 feet per second per second)
2. Sustained - a speed that can be maintained for h = height in feet of jump above water surface
minutes.
3. Darting - a single effort, not sustainable. Investigations have shown that fish are able to sense low
levels of velocity and may orient themselves to a velocity of
Exhibit A and B show the relative swimming speeds of 0.16 fps and may sense changes of 0.328fps (Reference 48).
selected adult and juvenile species. Exhibit C shows swim- They, hence, may seek and find the most favorable areas,
ring speeds for MacKenzie River fish. Exhibit D shows which makes it difficult to use average velocities in deter-
the simming effort of sockeye salmon fry at Chilko Lake. mining the effects of swimming .seeds. It is suggested that
normal distribution curves be utilized for this purpose.
Fish normally employ cruising speed for movement
(as in migration), sustained speed for passage through Adults frequently seek higher velocities at obstructions,
difficult areas, and darting speed for feeding or escape whichmay be utilized toattractthem to flshway entrances.
purlpoes. Each speed requires a differentlevel ofmuscular Such velocities should bewell under the daringespeed ofthe
energy, and it may be assumed that there is a 15 per cent species and sizes involved but may exceed their cruising
loss in the transfer of muscular energy to propulsion, speed.
The force on the fish may be considered equivalent to Swimming speeds are affected by available oxygen and
that associated with any object, either moving within swimming effort may be reduced by 60 per cent at oxygen
water or stationary in movingwater. Energy involved may levels of one-third saturation. Oxygen levels also affect
be computed by the following equation. other functions of fish.
v2 Temperatures ateither end oftheoptinium range for any
F=CdAW species affects swimming effort. A graphic presentation(2xhibitE) has been prepared fromReference 16 and shows
where F - force (in pounds) thata reduction ofswimming effortof50percentmayoccur
Cd - drag coefficient - .2 (salmon) as a result of adverse temperatures.
Area - cross sectional area in square feet In dealing with problems at specific sites where swim-
W - weight of water (62.4 pounds per cubic foot) mingspeedis important, such astheprotection of juveniles
V - summation of velocities in feet per second ahead ofprotective screening orthe guidance offish (both
g - gravity (32.2 feet per second per second) adult andjuvenile), the effects of temperature and oxygen
must be evaluatedL
Thus, force through a distance gives foot-pounds and
can be converted to British thermal units or calories. As fish sense changes in velocity, they may avoid moving
from one gradient to another, particularly from a lower to
As energy requirements are related to the square of the a higher gradient. When guiding or directingflsh, smooth
apparent velocity, the reason why fish tire rapidly as the transitions and accelerations are desirable in order to pre-
velocity increases is evident from the above formula. The vent them from stopping, hesitating or refusing to enter a
build-up of lactic acid asa result of unusual activity can be particular area.
fatal. A number of investigators have indicated that fish
may recuperate rapidly after exhaustive exercise. Con- It is assumed that fish use visual references in their
versely, it has been noted that up to2 hours are required for movement and, therefore, behave differently in darkness
fish to recover and assume normal movement after tiring than in light. Stimuli other than velocity may guide the
exercise. fish's movement within established levels of r and
sustained speed. Downstream i fish aylointo
An early investigator (Reference No. 36) used the w eiht a velocity and be swept along at speeds that are well in
of the fish to establish a ratio of sustained speed to darting excess of their cruising speeds.
speed of approximately .5 to .7. This has been borne out
by recent investigations in which lengths of fish were used In a series of tests (Reference 49) it was shown that fish
as a measure. tested passed through an endless ie system more rapidly
when the system was lighted. opposing velocities of
The data indicate that a fish's cruising speed level may be 2to 2.5 fps, the best swimming performance was obtained.
15to20 per cent of its darting speed level. This is further
supported by data from experiments on jumping fish by An increase of 23 per cent in passage time was found
computing the velocities atwhich the fish leave the surface when the system was in darkness, and the maximum dis-
by using the following formula and comparing the results tance attained by the sockeye testedwas about I mile under
with the results of the swimming tests. lightand 0.26mile under darkness. The groundspeed ofthe
fish was under 2 fps.
In the design of upstream facilities, velocities must be
kept well below the darting speeds for general passage.
Bell Fisheries Handbook 6.1
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SWIMMING SPEEDS OF ADULT AND JUVENILE FISH
A means of determining the time that fish are capable of
maintaining various speeds is given below:
Darting
Sustained .




Cd A 62.4 lbs. assuming Cd, does not vary throughout Velocities should not be averaged as the energy factork 2g the swimming ranges. varies with the square of instantaneous velocity. Pulsing
velocities can increase the instantaneous energy require-
ments by four times throughout the darting speed range.
A Cross sectional area in square feet. This may account for the variations in performance time
found in the tests on swimming speeds. Because of turbu-
Vm = Maximum swimming velocity in feet per second. lence and pulsing, a maximum darting time of 7-1/2 seconds
is a suggested value. As fish are capable of swimming for
D(Swimming Distance) = VT hours at the upper ranges of their cruising speeds, it is
assumed that no oxygen deficiency occurs at this level.
Work = kV2 D or kV3T Above this level, fish apparently are not capable of passingwater over their gills at the rate necessary to obtain this
increased oxygen required for the additional energy ex-
The maximum time that darting can be maintained is penditure.
estimated at 5 to 10 seconds, thus the time that maximum In addition to the effects of oxygen and temperature,
sustained speeds can be maintained is shown by the rela- swimming performance is also adversely affected by various
tionship pollutants. Selected references are included to indicate the
kV3TS = kV3Tm source material for those pollutants that are of major
concern.
where kVmTm = maximum energy factor at optimum
temperature.
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A
Relative Swimming Speeds of Adult Fish
Chinook - u ....-.-.-
Coho . .*............ ...
Sockeye . . .. . ...............
Steelhead (2'-2.7') .. ........ ..*  **f
Cutthroat .. . . ..............
Brown Trout .........
Grayling . . .....
Whitefish - .
Shad (12*-14") ....... 0"...
Herring (6"-11") --
Anchovy -
Carp ,-. .o...o.o . .°°.., ....
Goldfish (4"-8") .









Eel (3') ._ ---- Cruising Speed
Sustained Speed
Eel (5') ..... Darting Speed
Eel (8')
0 4 8 12 16 20 24 28 32 36
Velocity in Feet/Second
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Herring larvae (.4"- 8") ...
Striped Bass (.5") .
Striped Bass (1")
Striped Bass (2")
~~~ - -eeeo -e *...**.*........ sss.se.
Striped Bass (5")
Mullet (.5"-2.75")
Glass Eels (2") -
Elvers (4"- ...
Spot (.5"-2.75") e......... ,6..... s *.... --- Cruising Speed
Sustained Speed
Pinfish (.5"-2.75") ..... e G........ .... , Darting Speed
0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
Velocity in Feet/Second
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Relat oe Swimming Speeds







Mountain Whitefish (12") -. °
Inconnu (7"-17")
Arctic Cisco (16.5") -. *.°
Least Cisco (11.5")
Goldeye (9")
Trout Perch (3") -
Yellow Walleye (9"-16") -
Longnose Sucker (4"-16") . ... ••
White Sucker (7"-16")
Chub (7"-12") -
Emerald Shiner (2.5") -
Burbot (8"-2')
Pike (14) ....
0 4 8 12 16 20
Sustained Speed VELOCITY IN FEET/SECOND
Darting Speed......
MacKenzie River data used for sustained speed.
Ala- . data used to extend swimming speed to darting level.
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D E
Swimming Speed of Maximum Sustained Cruising of
Sockeye Fry at Chilko Lake Sockeye and Coho Underyearllngs
in Relation to Temperature
m J -- from Brett, 1958
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involved  in the  inspection of fishways at dams.   Volitional fish  ladders, fish  lifts, and other fish passage 
and  protection  facilities  are  devices  of  varying  complexity  frequently  integrated  into  sophisticated 
reservoir management and hydropower  installations.   As with any device, maintenance of fish passage 







devices  necessary  to  maintain  all  life  stages  of  fish,  and  operations  and  measures  related  to  such 
structures, facilities, or devices which are necessary to ensure their effectiveness.  Examples include, but 





fishways  include bypass  channels,  rock  ramps  and other passage  structures  that  approximate  (either 
functionally or aesthetically) natural river reaches.  Technical fishways employ engineering designs that 
are  typically  concrete,  aluminum,  polymer,  and wood, with  standardized  dimensions,  using  common 
engineering  construction  techniques.    The  physical  and  hydraulic  structure  of  nature‐like  fishways  is 
markedly different  from  technical  fishways,  and  the  inspection of nature‐like  fishways  is beyond  the 












 Pool‐and‐Weir    pools often separated by rectangular weirs; may also include orifices 
 Ice Harbor  variant of the pool‐and‐weir type; characterized by two weirs separated 
by central C‐shaped vertical baffle 







 Serpentine    similar to a vertical slot with a winding, tortuous horizontal flow path 
 
Fish  Lifts/Locks:  Fish  lifts  or  elevators  are  non‐volitional  upstream  fishways  that  attract  fish  into  an 








































































Exclusion  screens  or  behavioral  guidance  screens  (or  racks)  are  designed  to  create  physical  and/or 
hydraulic cues that encourage fish to move towards and pass through the bypass opening.     Receiving 
waters  or  plunge  pools  are  typically  necessary  to  safely  transition  fish  to  waters  below  the  dam.  
Receiving waters generally  refer  to  the existing  tailrace or  tailwater below  the dam; plunge pools are 


















 the  strength  of  the  hydraulic  cue  created  by  a  fishway  entrance  jet  may  be  influenced  by 
tailwater elevation (which, in turn, may be affected by turbine discharge); 
 salmonids may ascend over weirs under plunging flow conditions, clupeids may not; 
 the  efficacy  of  fishway  attraction  flow  may  be  compromised  by  the  sequence  of  turbine 
operations resulting in delays in upstream migration; 
 sweeping  velocities  in  front  of  a  downstream  bypass  guidance  screen may  be  influenced  by 
generation, trash loading, or spill; and 
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 Voice recorder     Digital recordings can augment notes 
 Digital camera     Photographs and video of field conditions are essential to inspection 
 Staff gage    Gage (e.g. survey rod) used to measure water surface elevations 
 Tape measure     Allows measurement of relevant fishway geometry 
 Flashlight     Covered channels and transitions may not be lit 
 Lumber crayon    Inspector may wish to mark water levels during operational changes 
 Watertight boots   Recommended for inspecting de‐watered fishways 
 Velocity meter     Useful in assessing velocity barriers and impingement “hot spots” 
 Survey/hand level   For precise measurement of HGL or elevation changes 
 
Given  the proximity  to moving water, heavy equipment, and  the  steep  terrain associated with dams, 
fishways  are  potentially  hazardous  sites.    Safety  equipment  is  always  recommended.    Moreover, 
fishways are often  located at  large hydroelectric  facilities where  rigorous  safety programs have been 


















this  document  is  intended  to  guide  the  reader  through  a  logical  sequence  from  exit  to  entrance.  
However,  the  checklist  is  intended only  as  a  guide  and  should  not  replace  good observational  skills, 
adequate  record keeping, or  site‐specific experience.   The  inspector  is  strongly encouraged  to  review 
any standard operating procedures  (SOP) and as‐built drawings of  the  fish passage structures prior  to 































Compiled July 24, 2014
8 
 




































































The  FISHWAY  INSPECTION  CHECKLIST  included  in  this  technical  report  is  formatted  to  guide  the 
inspector in a sequential manner moving down‐gradient from the fishway exit to the fishway entrance.  
Numbered checklist items are written as questions requiring the user to verify the structural, hydraulic, 




























were  designed.    The  inspector  should  note  the  target  species  and mark  the  approximate migration 
periods on the upstream (U/S) and downstream (D/S) migration scales.  Comments on fish health issues 
(i.e.  VHS,  descaling,  parasitism)  and  noting    the  presence  of  invasive  species  may  prove  useful  to 
resource agencies.   
 







Additionally,  the  inspector  may  consider  recording  the  water  temperature  at  the  fishway  entrance 
channel  and  in  the  headpond.    The  movement  of  many  migratory  species  is  linked  to  water 
temperature.   Surface water temperatures  in the  impoundment are typically higher than the river and 






a  significant  hazard  to  down‐migrating  fish.    Inspectors  should  document  powerhouse  capacity,  unit 
type,  methods  of  remote  operation,  and  any  operational  links  between  the  fishway  and  turbine 
sequencing.    For  example,  turbines  adjacent  to  the  fishway  entrance may  be  prioritized  to  enhance 
attraction  flow.   Similarly, Kaplan units  (which may be  less harmful  to some species  than comparable 
Francis  units)  may  be  preferentially  operated  during  the  downstream  migration  period.    Turbine 
rotational speed often correlates to mortality, and could be documented if the information is available 










the  impoundment (and beyond the  immediate hydraulic  influence of adjacent flood gates, turbines, or 
other water intakes).  If possible, record the headpond water surface elevation. 
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Ladder: The chute, channel, or pools connecting  the entrance  to exit are commonly called the  ladder.  
Debris,  sediment and  failure of wooden water‐retaining  structures  (e.g., blocking boards, weir crests) 
are  the most  common  causes  of  operational  failure  in  otherwise‐effective  fishways.    Though  time‐
consuming,  the entire  ladder can be  rigorously  inspected  for problems  in a de‐watered state.        In an 
operating  and  watered  state,  blockages  and  board  failures  can  be  more  quickly  identified  by  the 
anomalous water surface elevations and flow patterns these problems create.   For  inspections of  lifts, 
users may strike through this section. 
 
Fishlift:  The  lift  includes  the  lift  tower,  holding  pool,  hopper  (i.e.,  bucket),  crowder,  brail,  and  any 





should  be  timed  to  ensure  it  is  operating within  design  parameters.    Unusual  sounds,  binding,  and 




Upstream Fishway Entrance:   For both  lifts and  ladders,  the entrance consists of a channel of varying 
length  leading fish  into the  ladder/lift from the tailwater below the dam.   Larger hydropower facilities 
may  include collection galleries that consist of a flume with manifold gated entrances.   Regulating the 
attraction  jet velocity  is perhaps the most critical aspect  influencing the effectiveness of the entrance.  
In  the  presence  of  varying  tailwater,  velocities  are  controlled  through  installation  of  (overflow) weir 
boards  in a slot at the entrance.   Alternatively,  larger facilities may be equipped with an (overflow)  lift 
gate.  Regardless, the gate or boards serve as submerged weirs that locally accelerate the flow to create 
an  attraction  jet.    The  water  surface  elevations  between  the  entrance  channel  and  the  tailwater 
correlate  to  the  strength of  the  attraction  jet  and  should be diligently  recorded by  the  inspector.    If 
possible, record the tailwater elevation. 
 
Auxiliary Water System: The  fishway must produce a  sufficiently  strong attraction  jet at  the entrance 
often  in  the presence of other competing  flows  (e.g.,  spill, powerhouse discharge).   Lifts generate no 
flow by themselves, and ladders may not discharge enough flow to create an adequate attraction signal.  
Auxiliary Water Systems  (AWS) provide an additional source of water  to augment  the attraction  flow.  
AWS  commonly  consist of an  intake at  the headpond, anti‐vortex devices, a headgate, a  conveyance 
pipe, valves, a diffuser chamber, and diffuser outlets.   Most of these components are underground or 




intake  racks) may be problematic.   At  a minimum,  fishway  inspectors  should examine  the  accessible 











programs.   Where appropriate,  trap gates and  lift mechanisms  should be operated and examined  for 






ramp  terminates  in a  trap, check  to ensure  the  trap box  receives adequate  flow and  that eels cannot 
escape.    If  the  trap  box  appears  overcrowded,  notify  the  project  or  agency  biologist  immediately.  
Uncovered ramps may be susceptible to predation.   Additionally, make observations on the attraction 















based  is accurate.   Users of these guidelines are strongly recommended to  independently confirm the 











Reviews,  important  information,  and  valuable  insight were  provided  by  Steve Gephard,  Connecticut 
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FISHWAY INSPECTION CHECKLIST 
Dam/Project Name:  __________________________________ Waterway:  _________________________________   
Owner (Organization):  ________________________________  Date/Time: _________________________________    
Inspector(s):  ____________________________________________________________________________________  
Owner’s Representative(s) On-site: __________________________________________________________________ 
Comments: _____________________________________________________________________________________ 
 
Reason for inspection:    opening       during season/run      shutdown       construction    
 other ______________________________________________________________ 
 
Fishway Status:       de-watered/non-operational                 watered/operational 
   watered or underwater/non-operational          damaged/operational  
   unknown damaged/non-operational 
 
1. Target species for fishway: ________________________________________________________________ 
2. U/S migration period:  
3. U/S fish passage design flow:                     HIGH                       (cfs) 
                                         LOW                             (cfs) 
4. D/S migration period:  
5. Drainage & current river flow (if known):                       (mi2)                 (cfs) 
 
Comments on Hydrology & Ecology:  _________________________________________________________ 
_______________________________________________________________________________________ 
 
6. Is the fishway and dam part of a hydroelectric project?              YES            NO 
7. Is there a powerhouse at this location?                        YES            NO 
8. Powerhouse hydraulic capacity:                                              (cfs) 
9. Project generating capacity:                                               (MW) 
10. Number and type of hydroelectric turbines: 
       Francis:            Kaplan:            Bulb:             Other: 
11. Are units sequenced on/off to enhance fish passage?               YES            NO 
If YES, describe operations:  _________________________________________________________________ 
________________________________________________________________________________________ 
Comments on Hydropower Operations:  _______________________________________________________ 
________________________________________________________________________________________ 
 
J F M A M J J A S O N D 
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12. Waterway upstream of the exit is clear of debris:              YES         NO        
13. Headgate and/or headboards are in good condition            YES         NO         n/a 
14. If operational, have headboards been removed or gates raised?    YES         NO         n/a 
15. Are adjustable weirs/baffles set to track HW?               YES         NO         n/a 
16. Trashrack is in place and clean?                        YES         NO         n/a 
17. Trashbooms are in place?                            YES         NO         n/a 
18. Is a staff gage installed in the fishway exit channel?           YES         NO       
19. Is a staff gage installed in the headpond?                  YES         NO      
20. Differential head measured between exit and headpond:                              (ft.) 
Comments on Exit:  ________________________________________________________________________ 
________________________________________________________________________________________ 
 
21. Ladder type:       Vertical Slot   Ice Harbor    Pool&Weir     Denil     Steeppass   
 other: _____________________________________________________________ 
22. Fishway is free of trash and large woody debris              YES         NO        
23. Was the fishway de-watered during inspection?              YES         NO         n/a    
24. Concrete walls/floors are free of cracks, erosion, leaks, spalling:      YES         NO         n/a    
If NO, describe extent and location:  _________________________________________________________ 
  _______________________________________________________________________________________ 
25. Pools are free of sand, rocks, and other material:             YES         NO         n/a    
If NO, describe accumulations, locations and plan to remove:  ____________________________________ 
_______________________________________________________________________________________ 
26. Baffles, baffles plates, and/or or weirs are installed properly, installed at the correct elevation, and were 
found in good condition:                             YES         NO         n/a    
If NO, describe problems and locations (e.g., number from entrance):  ______________________________ 
_______________________________________________________________________________________ 
27. Has the fishway been inspected for damage that created sharp edges, formed wooden splinters, or 
resulted in new obstacles (in the flow field) that could injure fish?    YES         NO         n/a 
Comments:  _____________________________________________________________________________ 
28. Is the protective grating cover in place and structurally sound?    YES         NO         n/a 
29. Representative head measurement (over weir crest, through vertical slot):                   (ft.) 




Comments on Ladder:  _____________________________________________________________________ 
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30. Was the lift cycled (operated) during this inspection?          YES         NO 
31. Holding pool is relatively free of debris:                   YES         NO 
32. Hopper raises smoothly without binding or vibrating:           YES         NO         n/a 
33. Mechanical crowder opens/closes/operates properly:          YES         NO         n/a 
34. Crowding proceeds in a manner consistent with design:         YES         NO        
If NO, describe problems and locations: _______________________________________________________ 
________________________________________________________________________________________ 
35. Hopper properly aligns with chute during exit channel transfer:     YES         NO         n/a 
36. Is the exit channel (between lift and exit) free of debris?         YES         NO         n/a 
37. Other mechanical components appear in good working order:     YES         NO         
If NO, describe problems and locations: _______________________________________________________ 
________________________________________________________________________________________ 
38. Lift appears free of sharp corners that could injure fish:         YES         NO 
39. Lift cycles manually or automatically:                     Manual       Automatically    
40. Cycle time of lift (fishing to fishing):                                          (min.) 
41. Hopper volume (if known):                                               (ft3) 
Comments on Lift:  ________________________________________________________________________ 
   ________________________________________________________________________________________ 
________________________________________________________________________________________ 
 
42. Is the approach to the entrance(s) free of debris and obstructions? YES         NO         
43. Are boards properly installed in the entrance?               YES         NO         n/a 
44. Are adjustable gates tracking TW?                      YES         NO         n/a 
45. If operational, does the entrance jet appear appropriate?        YES         NO         n/a 
46. Is a staff gage installed in the fishway entrance channel?        YES         NO   
47. Is a staff gage installed in the tailwater area?               YES         NO   
48. Differential head measured between entrance and tailwater:                            (ft.) 




49. If the fishway is operational, is the AWS operating?            YES         NO         n/a 
50. AWS flow is driven by:                              Gravity       Pump        Other 
51. The AWS intake screen is undamaged and free of debris:         YES         NO         n/a 
52. AWS appears free of debris or other blockages:              YES         NO   
53. AWS flow (in cfs or % of turbine discharge)                                     
54. Has this flow been verified?                          YES         NO         n/a 
If YES, by whom and/or how? ________________________________________________________________ 
Comments on AWS:  _______________________________________________________________________ 
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55. Are there facilities specifically design for d/s passage on site?     YES         NO       
56. If so, are d/s facilities open and operational?               YES         NO         n/a 
57. Identify all possible SAFE routes for d/s passage at this site: 
 d/s bypass       spillway        floodgate        logsluice        surface collect.    
If other routes, describe: _________________________________________________________________ 
58. Flow field in impoundment appears conducive to d/s passage:     YES         NO         n/a 
If NO, describe problems and locations: _______________________________________________________ 
________________________________________________________________________________________ 
59. If appropriate, are overlays in place on trash racks?            YES         NO         n/a 
60. Are screens (or overlays on trashracks) relatively free of debris?    YES         NO         n/a 
61. Is there any evidence of fish impingement on racks or screens?    YES         NO 
If YES, describe problems and locations: _______________________________________________________ 
________________________________________________________________________________________ 
62. Is the d/s bypass intake adequately lit and free of debris?        YES         NO         n/a 
63. Is the d/s conveyance free of debris and obstructions?    YES         NO         n/a 
64. Are sharp corners evident in the bypass which could injure fish?    YES         NO         n/a  
65. Approximate depth of flow over bypass crest:                                    (ft.) 
66. Does d/s bypass discharge into sufficiently deep pool/water?     YES         NO         n/a 
67. Approximate plunge height from d/s bypass crest to receiving pool/water:                   (ft.) 
68. Is there evidence of significant predation at receiving pool/water?  YES         NO 
If YES, describe:  __________________________________________________________________________ 
69. D/S Bypass flow (in cfs or % of turbine discharge)                                 (cfs/%)   





70. Is the facility equipped for trapping & sorting?             YES         NO   
71. Systems for transfer from tank to truck appear in order?        YES         NO         n/a 
72. Do mech. components (e.g., winches, gates) appear serviceable?  YES         NO         n/a 
73. Were gates/winches tested during inspection?             YES         NO   
Note any concerns: ________________________________________________________________________ 
________________________________________________________________________________________ 
74. Is there a counting house/room at the site?                YES         NO 
75. Is the counting window clean and properly lit?              YES         NO         n/a 
76. Is CCTV and camera system operating properly?             YES         NO         n/a 
77. If counts are automated (e.g. resistance), is it functioning?       YES         NO         n/a 
Comments on Counting & Trapping:  _________________________________________________________ 
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78. Is there an eel pass on site?                         YES         NO         n/a 
79. If YES, what is the type of eel pass: 
 volitional ramp (TW to HW)     permanent ramp & trap/lift        temporary ramp & bucket    
80. Describe the eel pass substrate media type: 
 stud (peg)        bristle        geotextile mat       other: _______________________      
81. Is the eel pass currently operating (i.e., wetted and installed)?    YES         NO         n/a 
Identify the water source (i.e., gravity, pump): __________________________________________________ 
82. Is the media clean of debris and watered throughout?         YES         NO         n/a 
Describe depth of flow and adequacy of attraction:  _____________________________________________ 
Comments on Eel Pass:  ____________________________________________________________________ 
________________________________________________________________________________________ 
 





















Version 6/3/2013. Fishway Inspection Guidelines, TR-2013-01.  For updates or suggested revisions, contact brett_towler@fws.gov 
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Excerpt. Table 1‐2. Maine DOT (2004) Fish Passage Policy and Design Guide































The U.S. Fish and Wildlife Service’s 
(Service) Northeast Region Fisheries 
program maintains a cadre of experienced 
civil and hydraulic engineers working in 
the field of fish passage.  The role of the 
Fish Passage Engineering Division is to 
provide technical assistance in the 
planning, design, construction, and 
evaluation of fish passage facilities for 
migratory and riverine fish at 
hydroelectric projects, relic dams, 
culverts, and other stream barriers. 
 
Services and Capabilities 
Hydropower Licensing 
 Consultation on the planning, design, 
construction, and operation of fish 
passage facilities  
 Review of study plans, effectiveness 
studies and other licensing documents 
 Inspections of fishways and other 
integrated generation structures 
 
Engineering Design 
 Conceptual design of fishways 
including Denil, steeppass, pool-type 
ladders, fish lifts, fish guidance and 
exclusion systems, eelways, fish-
friendly culverts,  fish sampling 
systems, and nature-like fishways 
 Development of fishway guidance and 
design criteria for consulting firms hired 
by dam owners 




 Site evaluation with respect to the 
hydraulic/hydrologic/structural 
requirements for fish passage 
 Engineering assessment of existing 
technical and nature-like fishways  
 Evaluation of dam safety requirements 
 
Hydrology and Hydraulics 
 Hydrologic assessment of watersheds 
and statistical evaluation of stream flow, 
rainfall, runoff, flood events, and fish 
passage flows 
 Evaluation of river mechanics, including 
erosion, sediment transport, and stability 
of rip-rap and in-stream boulders  
 Hydraulic analyses of spillway 
capacities, weir flow, river flows, 
stream velocities, and pipe discharge 
 River modeling using  
HEC-RAS and River2D to  
determine water surface profiles, flows, 
velocities, and habitat suitability 
 Dam breach and dam removal analyses, 
including use of computational models 
 Engineering review of CFD and 
physical model studies  
 
Engineering Staff 
Curt Orvis, P.E. 
Chief, Fish Passage Engineering 
A Service employee since 1992, Mr. 
Orvis has over 30 years of experience 
working in the fields of hydraulics and 
fish passage on projects at Federal Energy 
Regulatory Commission (FERC) and non-
FERC barriers.  His expertise includes 
structural fishways, nature-like fishways, 
dam removal, river and stream restoration, 
and watershed management.  He has a 
B.S. in civil engineering from the 
University of Vermont and an M.S. from 
Colorado State University.  Mr. Orvis is a 




Regional Fish Passage Engineer  
Mr. Morales joined the Northeast 
Region’s Fisheries Program in 2012.  He 
holds a B.S. in civil engineering from the 
University of Puerto Rico, and an M.S. in 
civil engineering from the University of 
Massachusetts Amherst with a letter of 
specialization in fish passage engineering.   
He specializes in relic dam removal and 
fish passage at hydropower facilities. 
 
Bryan Sojkowski 
Regional Fish Passage Engineer  
Mr. Sojkowski has worked for the Service 
since 2011.  He holds a B.S. in 
mechanical engineering from Western 
New England College, and an M.S. in 
civil engineering from the University of 
Massachusetts Amherst with a letter of 
specialization in fish passage engineering.  
Mr. Sojkowski specializes in Rosgen and 
Stream Simulation methodologies, culvert 








Brett Towler Ph.D., P.E., P.H. 
Regional Fish Passage Engineer 
An engineer with more than 16 years  
of experience, Dr. Towler specializes  
in hydropower, river hydraulics, and 
surface water hydrology. He holds a B.S. 
in civil engineering from the University of 
Massachusetts Amherst, and an M.S. and 
a Ph.D. in engineering from Montana 
State University Bozeman.  Dr. Towler is 
a licensed professional engineer in the 
state of Maine, an AIH-certified 
hydrologist, and an adjunct faculty 
member at the University of 
Massachusetts Amherst. 
 
Brian Waz, P.E. 
Regional Fish Passage Engineer 
A civil engineer with more than 17 years 
of experience, Mr. Waz specializes in 
engineering design, including all types of 
fishways, dam removal, bio-engineering, 
and river and stream restoration projects.  
He earned a B.S. in civil and 
environmental engineering from the 
University of Massachusetts Amherst and 
is a licensed professional engineer in the 
commonwealth of Massachusetts. 
 
For additional information: 
Curt Orvis, P.E. 
Chief, Fish Passage Engineering 
U.S. Fish and Wildlife Service 
Northeast Region Fisheries Program 
300 Westgate Center Drive 





Federal Relay Service 





Fish Passage Engineering 
Capabilities and Services 
U.S. Fish & Wildlife Service 























































Historical fish migration routes linking feeding and spawning habitats have 
been significantly impacted by culverts, dikes, dams, and other stream 
barriers on waterways throughout the U.S. and the world.   
 An estimated 2.5 million barriers to fish migration exist in the U.S.  
 Approximately 25,000 dams in the Northeastern U.S. 
 Culverts densities can exceed 1 per 5  river km in some drainages 
 
FISH PASSAGE ENGINEERING 
SPECIALIZATION 
A civil and environmental engineering graduate degree option at the  
University of Massachusetts-Amherst developed in partnership with the 
U.S. Fish & Wildlife Service and U.S. Geological Survey designed to 
prepare students for a career in the fields of fishway design, dam removal, 
stream restoration, watershed ecology through interdisciplinary course 
work in civil engineering, resource conservation, and ichthyology. 
Environmental Impact of Stream Barriers 
Engineering Solutions 
Engineers have an important role to play in reducing and eliminating the 
environmental impact of stream barriers.  Various methods ranging from 
dam removal to structural fishways have been shown to be effective in 





These solutions are interdisciplinary and highly complex.  Fish passage 
engineers must have expertise in several disparate scientific disciplines 
including civil & hydraulic engineering, hydropower operations, computer-
aided drafting and design, fish ecology, watershed hydrology, and stream 
morphology. 
 
 Dam removal 
 Nature-like fishways 
 Stream restoration 
 
 Culvert replacement 
 Volitional fish ladders 
 Non-volitional fish lifts 
 
The US Fish and Wildlife Service and the USGS Conte Anadromous Fish 
Research Laboratory have joined with the Department of Civil and 
Environmental Engineering under a cooperative agreement to establish a 
Fish Passage Engineering & Ecohydrology partnership. This 
complementary partnership links together unique regional resources to 
address a growing professional demand while cooperatively fostering 
research in the fields of watershed ecology and fish passage engineering. 
 
USFWS engineers have developed fish lift designs which offer numerous 
advantages over volitional ladders at medium to high head projects. 
Education and Partnership 
The Department of Civil and  
Environmental Engineering  
offers a graduate specialization  
designed to provide students with the skill set to enter this exciting field.  
By partnering with other fish passage experts within the U.S Fish and 
Wildlife Service, the U.S. Geological Survey, and the Department of 
Environmental Conservation, CEE has developed a curriculum that 
augments its nationally ranked programs in civil and environmental 
engineering with: 
 graduate-level courses in hydraulics and hydrology 
 fishway design classes taught by licensed professional engineers 
 field visits to local fish passage structures and hydropower sites 
 practicums at a premier ecohydraulics research facility 
 interaction with practicing biologists, engineers and other subject-
matter experts 
 research and internship opportunities 
 
Requirements for Specialization
Complete Requirements for M.S. Civil Engineering or M.S. Environmental 
Engineering and take these courses: 
 CEE 597F Design of Fish Passage Facilities 
 CEE 561 Open Channel Hydraulics 
 CEE 560 Hydrology; and 
Minimum of 4 cr. Hours in fisheries related coursework such as  
CEE 596 Conte Practicum, or ECO 607J Ecology of Diadromous Fish 
David Ahlfeld, Ph.D., P.E. 
Civil and Environmental Engineering 
University of Massachusetts-Amherst 
12A Marston Hall 
ahlfeld@engin.umass.edu 
Brett Towler, Ph.D., P.E., P.H. 
Fish Passage Engineer 
U.S. Fish & Wildlife Service 
38 Marston Hall 
towler@ecs.umass.edu 
FOR MORE INFORMATION CONTACT: 
Civil & Environmental Engineering 
Fish Passage & Ecohydrology
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